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Alota Anuocieboswy

H didaxtopur| pou dratelBt| Bactletan ot téooepa dpipa ta omoio dnpoctebinxay ot €yxpita
OledvY| emoTrUovxd Tepodxd uhniol xpoug. To mapoéte TopuxdTe YE YEOVOhOYIXN
oepd:

1. Evasion of No-Hair Theorems and Novel Black-Hole Solutions in Gauss-
Bonnet Theories, Georgios Antoniou, Athanasios Bakopoulos and Panagiota
Kanti [1]

2. Black-Hole Solutions with Scalar Hair in Einstein-Scalar-Gauss-Bonnet
Theories, Georgios Antoniou, Athanasios Bakopoulos and Panagiota Kanti [2]

3. Novel Black-Hole Solutions in Einstein-Scalar-Gauss-Bonnet Theories
with a Cosmological Constant, Athanasios Bakopoulos, Georgios Antoniou,
and Panagiota Kanti [3]

4. Novel Einstein-scalar-Gauss-Bonnet wormholes without exotic matter,
Georgios Antoniou, Athanasios Bakopoulos, Panagiota Kanti, Burkhard Kleihaus
and Jutta Kunz [4]

270 apyxd CTADLO TWYV OLOUXTOPLXMY UOU GTIOUDWY GUUUETEYO OTNV CUYYEUPY| EVOC ETI-
TAéov dpdpou To omolo dev amotelel U€pog TNG BLBAXTOPXNC KoL BlotElfBrc:

5. Novel Ansatzes and Scalar Quantities in Gravito-Electromagnetism,
Athanasios Bakopoulos and Panagiota Kanti [5]

Téhog, xaTé T1) BLdEXELX TWV DLOUXTOPIXWY POV CTIOLDWY dnuoctelouue Tela dptpa ot TEUX-
TIXd CUVESRPLWV:

6. Novel black hole solutions with scalar hair in Einstein-scalar-Gauss-
Bonnet theories, Athanasios Bakopoulos, Georgios Antoniou and Panagiota
Kanti [6]

7. Scalar-Gauss-Bonnet Theories: Evasion of No-Hair Theorems and novel
black-hole solutions, Panagiota Kanti, Athanasios Bakopoulos and Nikolaos
Pappas [7]
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8. Scalar-Gauss-Bonnet theories: evasion of no-hair theorems and novel
black-hole solutions, Panagiota Kanti, Athanasios Bakopoulos and Nikolaos
Pappas [8]
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ITepirndn

Ynv nopovoa Awaxtopinr Alotei3n pehetdue Aboeic Madpwy Ondv xan Exouhnxotounomy
ota mhadota g Tevixeupévne Oewploc Bopitntoc Einstein-Scalar-Gauss-Bonnet (EsGB).
Ewbixotepa peletolye pla oxoyévela dewployv 6mou 1 ouvdptnon olleving f(¢) avdueoo
o070 Padunto medlo g Vewplag xou Tov TETPAYWVIXO Baputixd dpo Gauss-Bonnet €yel
eV YEVEL Lol YEVIXT) Hop@T|. Apyd omoBEWVOOUUE VIAUTIXG OTL 1) OLXOYEVELXL UTY| TGV
Yewpiwy dev UTOXEITUL 0TOUG Teploplools mou utofdiouv ta No-Scalar Hair theorems
Tou Bekenstein xou véeg Adoel acuumtwTnd eninedwy podonmy omov umopoly v [(Bpe-
Yolv. XTn cuvéyelwa, yenotonolnvtag Yedodoug apriuntixic oloxhhpwong, Teoodlopl-
Couue véeg AOoelg padpwv omwv (emhéyoviac xdle @opd ouyxexptuévn pop® yla T
ouvdptnon ovleving). Emmiéov edyouue tor yopaxtnetotixd toug, dnhadi tnv wdlo toug,
70 Baduwtd toug goptio, TNV empdvela xan TNV eviponio Toug. ‘Emeita, eiodyoviag yia
xoopohoyixy) otadepd oty Yewpiot EpeLVOUUE €x VEOU TNV UTapEn AICEWY UadpeY OTY.
LuyrexpUEVE VEWP®VTAS TKS 1) X0ouohoYr| otadepd uropel vo ebvon Vetinr| 1 cpvntixy
Beloxouue apriunuixéc Aoelg ol onoleg elvan acupmtwtxd de Sitter 7 anti-de Sitter ov-
tiototya. Emniéov 6mwe xar TNy TEQINTOON TV ACUUTTLTIXG ETTEdY AUCEWY, ot xdle
TEPIMTWOT TEOGOLOPICOUUE X0 TA YAUPUXTNELO TIXA TWY VEWY AUTGY AIOEWY UAdpmY 0TV,
Téhog, ota mAalota Tng EsGB Yewplog Beloxouue Aoeig mou neplypdpouy oxouAnxOTEUTES.
O Gauss-Bonnet oxouknrétpuneg elvon dlaoyloyes, unopoly va €youv Jové 1 Oitho Aotud
xan Oev amontoLy TNV UToedr e€wTixAc UANG o xavéva onueio Tou Yweoypdvou.
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Abstract

In this Ph.D. dissertation we study the emergence of black-hole and wormhole solutions
in the framework of the Einstein-scalar-Gauss-Bonnet (EsGB) theory. Particularly we
study a family of theories where the coupling function f(¢) between the scalar field of
the theory and the quadratic Gauss-Bonnet gravitational term has an arbitrary form.
At first, we analytically derive that the aforementioned family of theories may evade
the constraints imposed by Bekenstein’s No-Scalar Hair theorems and new solutions for
black holes may be found. Then, using numerical integration methods we find solutions
for black holes for many different forms of the coupling function. Also we derive their
physical characteristics namely their mass, scalar charge, horizon area and entropy as
well. Subsequently, by introducing a cosmological constant in the theory we investigate
the existence of novel black-hole solutions. Specifically, assuming that the cosmological
constant may be positive or negative we find numerical solutions which are asymptotically
de Sitter or anti-de Sitter. In addition, as in the case of the asymptotically flat black
holes, for each case we derive their physical characteristics. Finally, in the framework of
the EsGB theory we derive novel wormhole solutions. The Gauss-Bonnet wormholes are
traversable, may have a single or a double throat and do not demand the existence of
exotic matter.
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ITebhoyocg

H Tevixry Ocwpla tne Lyetixotnrag eivan 1 Yewplo tne Puoinric 1 omola meprypdgpet tnv
BopiOtnta xou mpotdidnxe to 1915 and tov Einstein. Eivou pior yewpetow| Yewpla otny
omoio ot BapuTIEG IAANAETUORAOELS HETUE) TWV CWUATWY EEARTOVTOL ATO T1) YEWHUETEIO TOU
yweoyeovou. H dewpla tou Einstein eunepiéyel tnv moapadootaxt| Baputint| Yewpla tou
Nedtwva, mou neptypdger actev uévo Baputind medio, xoL THUTOYEOVA TNV CUUTANEWVEL
TOEEYOVTOS €Vl TAXUOLO PEAETNG Xou TwV LoyLp®Y Poaputixey mediwy. H Ievixry Ocwplia
NG LYETIXOTNTOC XuTdpepe Vo TPOBAEDEL ETOXEIBOE TNV TORUTNEOVUEVY] UETATTWOY] TOU
nepinAiou tou Epur|, otnv meprypagr) tng onoloag n mpooeyytotiny) Nevtoveta dewpla elye
amoTUYEL, 0hAS Xt TA YOG GAAWY PotVOUEVKY Tou eT{ong emahniedTNXay TELQUUATIXG OTIKC
N XUTUAWOT TV oaxTVOY Tou QuTog, 1 Paputind ueTatémon mpog To pulpd xon o
TeocpoTo ToL BapuTind xOuaTo xon ot “oxiéc” Tou 0pllovTa TWY HoEEY OTMY.

Ye avtiieon e v Boputinn Yewpla Tou Nebtwva, 1 Fevin Ocwplo tne Xyetindtnrog
Gvolle ToV BPOUO YLt TNV UEAETT TOU (BLOU TOU GUUTOVTOS X0 YLoL TNV EVPEDT) VEWV BapuTIXGY
ANooewyv. Kdmoleg and auteg, OTwg oL YUUVES avewpohies, amoppimtovion w¢ U amodexTég
mou 1 gUon dev Va emtpédel TNV eupdvior| Toug. Kdmoleg dAAec dume, mopd Tar apytnie
VewpolUeEVa aoUVATIOTO YURUXTNELOTIXG TOUG, CHUEQH GUVOEOVTUL UE (QUOIXY UTOBEXTES
%aTooTdoES TG ouvrdiopévng UAng. To mio yopaxtneloTind Topddelyuo TETOLWY AOCEWY
etvor o Madpeg Omég. Ou Aoelg autég Teplypdouy TNV Uop®r Tou Ymeoyeovou Y0pw
amd éva owua, To omolo €yel xatapeeloel BapuTind umd To Bdpog Tng Blag Tng udlog
Tou. XapoxtnpiCovtar and o onueio TG ywpoyeovixhc Wiouoppluc, To onueio oTo omolo
€yel ouyxevipwiel N pdla Tou GOUATOC UETE TNV XATUPEEUGT| TOU, XaL ToV 0pilovTo TV
YEYOVOT®Y, TOL XOAUTTEL TNV WLopopplo amd xdde e€mTepd tapatnenty. Eve, oe yeydin
amboTacy and tov opilovta, To Baputind medlo Wiag uadene omAc elvar To (Blo pe auTd
EVOC OOUOTOS TOU oxOUa LloOpEOTEL, X0VTd 6ToV 0ptlovTa, 1 XUTAeTACT) CAAALEL BEaUATIX:
OTONTOTE TEPAOEL TOV 0pIloVTa, oXOUa Xou EVa PWTOVIO, BeV UTopel TOTE var SloplYeL- 0
optlovtog emTEénel uovo TV €l6odo oTny Uadern onr) xou ToTé TNy €€000.

Haporo mou 1 Fevinry Oewplor Tne Lyetwdtnrag €xel emPefouwiel —xon cuveyilel va
emPBeBardveTon— TELROPATIXG, YVeLEilouue Twe Oev elvon plar TéAelo Yewpla. Mo Topdderyua,
t0 Kadiepowpévo Movtého tne Kooupohoylag €yel apxetd avouxtd TeofAfuata ue xUptoTepa
™V QOO TNG OXOTEWAG EVERYELNG ot DANG, TO 0woTd TANUWELOTIXG HoVTEAD Xadog xa
T0 TEOPBANUA TG apy e avwuahiog. To mopandve uall ue Yewpntixolc Adyoug 6Tws To
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ITpéhoyoc

yveyovog otL 1 Fevixry Lyetindtnta 0ev ebval ETavoxavovixoToody anotehoby ta xivntea
yioo Ty Slatinwor Fevixevpévoy Oupldv Bapltntag. Tic teheutale dexaetieg €yel mpo-
Tordel éva yeydho mAflog amd evolhoxtixéc Yewplec. 2oT600, oL o amhéc xon ToPIAANA L
Ol MO YVWOTEC Yeveuueveg Yewpleg efvan ol Baduwtavuo tineg (Scalar-Tensor) Yewpiec.
Ye autég, ot Baduol ehevdeplac g Vewplac Tou Poputinod medlov avidvovton YEcw TNG
TEOGUA NG EVOC 1) o TEPLOCOTERLY PadumTay Tediwy otny Yewpio. Ta teheutala eixoot
yeovia Wi Scalar-Tensor Yewpio 1 omola efvar yvwoth we Einstein-scalar-Gauss-Bonnet
€yel TpoPhcel To EVOLPEPOY TOMAGY €pELVNTOY. X auTh TN Vewpla, To Porduwtéd medio
¢ ouleuyvieton un eldytota (non-minimally) pe to Paputind medio yéow tou Boputinol
TeTpaywvixoL 6pou Gauss-Bonnet. To mo eAxuctind yopoxtneiotixd autig tng Yewplag
elvor mwg avixel oty owoyévelo tne Yewplag Horndeski. Autéd omnuaiver nwe ot e€iowm-
oeig xivnone e Vewploc elvon dedtepne TdEng xan cuvET®S dev TEQLAUUBAVEL avOUALES
Ostrogradsky 7| mpoBAnuatinéc XaTaoTAOELS YVWO TEC WG PUVTAOUAT (ghosts). Xe oQUTH TN
OLUTELPT) ETXEVTPWVOUACTE GTNY EVUPECT] VEWY TOTUXOY PopuTiX®Y AICEWY oTa TAXLCLAL TNG
Yewplog Einstein-scalar-Gauss-Bonnet.

"Eva amd tor o eVOLapépovTa Yapax TNELo TS TV AVCERY UopmY OTGY eivol 1) anAdTNTA
o 1) opolopop®la Tou Tic yopoxtneilel. Yta mhalota tng Ievinric Oewplag tne Lyetindtnrac
UTIdEY OLY HOVO TECOEPLS BLVATES ADOELC HoDPWY OTIWY (Schwarzschild, Reissner-Nordstrom
xot Kerr[-Newman]) ot ontoleg TEQLYPAPOVTOL UOVO amd TEELS PUOLXES TOCOTNTES: TN Ualda,
TO NAexTpOUAYVNTIXG QopTio xau TN otpogopur. OnoldnmoTe dAAA yopaxTnEloTixd elye
TO AGTEOPUOXO COUA amtd To omoio Tponile 1 wadpen ony egapavilovton xatd Ty Bapu-
TI XOTAPEEVGT] XaL OL HOVES TANPopoplec Tou amouévouy eivar ol mpoavagepieioes. To
(D10 1oy beL xou YLoL ToL QUOLXE YURUXTNPLO XY EVOC CWUATOS TIOU TEPTEL UECU OTN UEAUVY)
omf. ‘Oha awtd meprypdpovton amd 1o yvwotd “No-Hair” Jewmpnua tng I'evinfic Ocwplag
e Lyetotntac. Axdun xou 6Tty tepintwon v Yewpuwy Scalar-Tensor, €youv npotadel
avtiotoryo “No-Hair” dewprpoto (Yvootd og Yewphuota “No-scalar-Hair”) to omolar %8-
VOV BUGXOATN TNV €0pEST VEWY AUCEWY i Hadpeg omég o auTég T Yewplec. loTtoo0, éva
U6 utocivoho Twv Scalar-Tensor Yewpldy BeV UTOXEVTUL GTOUS TEPLOPLOUOUE o VETEL
10 Yewpnua “No-scalar-Hair”. Xe autég Tig Yewpleg ebvar ebxoho va Bpolue véeg hooeig yia
Hodpeg omES. XTo xePdAoto 1 TN TapoVcag SLduxTopxAg OLaTEBNC xAVOUUE U oOVTOUT
avaoxonnon e evixrc Oswplog Tne Xyetindtnrag xon cLNTAUE TIC GPAUELXS CUUUETEIXES
ANOGELS VLol HodPES OTEEC Xl OXOVANUOTRUTES TIOU UTOROUUE VUL XUATAOHEVAGOUNE OTa TALGLS
e. Emmiéov xdvoupe wa wixpn elooywyt| oTic yevixeupéveg Yewpleg Bapltntog xodoe
xan oty Yewpla Einstein-scalar-Gauss-Bonnet 1 onofo etvan 1 ewplo mou peietdue ota
mhadola auTAG TG BdaxTophg datpdric. Tehog, xdvouue pa avapopd ota “No-Hair” xau
“No-scalar-Hair” Yewprjuota.

270 xe@dhato 2 ooy OhOVUACTE UE TNV amouYT| Tou Vewprjuotog “No-scalar-Hair” ota
mhalow tne Yewploc Einstein-scalar-Gauss-Bonnet. I vor xdvouye tnv avdhuot yog 6o
TO BUVITOV TILO YEVIXT|, XQUTAUE YEVIXY| TNV HopPT| TNG cuVpTNong oVleuing f(¢) avdyeoo
oto Poduwtéd medlo xou Tov 6po Gauss-Bonnet. Apywd eletdloupe Ty amoguyr Tou
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mentou “No-scalar-Hair” Yewprjuotog tou Bekenstein. Autéd o dedprnuo Pociletar otnv
ohoxhfpwon g Paduwtic e€lowong mediou ot OAn TNV e TEPXT TEQLOY T TNS HodENE OTHC.
Arnodewvioupe toe ol teploplopol tou Vétel To mpwto “No-scalar-Hair” dYedpnua uropoiv
e0xoha vor amogeuyYoiv yio Vetinég ouvapthoels o0leuing f(o) > 0. Y ouvéyela e&-
etdloupe TNV amoguyy| Tou Beltepou “No-scalar-Hair” dewpruoatog tou Bekenstein. To
deUTEPO Vepmua, To omtolo elvor xat To Yevixd, Baciletar 6To Tpdonuo g 1) CUVIGTOCUS
TOU TAVUOTY| EVERYELUC-0PUNEC OTIC BV0 ACUUTTOTIXES TEployéc TNne wawene omng. 1o ouy-
HEXPWEVY, [ploX0OUUE TKG Yo VoL AmOQUYOUUE TOUG TEPLOPLOUOUS Tou VETEL TO BEUTEQOD
Vewpnua Tou Bekenstein apxel vo emAéCoupe xatdAAnha THY TIuh TG TEOTNG TP OYOU
Tou BodpwTod medlou xon v emBdhouue ™V ouvdp T > 96 f7 Thve otov opilovTa Tne
uodeng omhg. O mopamdve cuvifixeg emBAAOUY TEQLOPLOUOUE OTIC THIES TWV TUQUUETOWY
e Yewplag ohhd Oyt oty popen tng ouvdptnone ollevine. ‘Etol, yia omoladhmote
Hop@Y| TG cuvdptnong o0leuing UMOPOLUUE Vo ATOPOYOUUE TOUG TEQLOPLoPoUE Tou VéTel
70 “No-scalar-Hair” Yeopnuo xan va xatooxcudcouue VEEC ADGELS Yial HOOPES OTIEG (PTAVEL
ol mopdueTeol TNg Vewplag va enaAndedouy Ty mapamdvey cuvixn. Enlong, n mapamdve
oLV XN UTOONAGVEL TNV UToEEN €VOC xdTe oplou Yo TNV axTiva Tou opilovta Tne uadeng
OTAC T, 0L CUVETMS xou Yiot TN Walor tng. Autd elvon €val VEO YapaxTnoloTixd Tou Bev
UTdEYEL OTIC Ladpeg omég Tou epgavilovTar ota mhaiota Tng levinic Yewplac tng Myetndtn-
ToC.

Emniéov, oto xepdroo 2 e€etdlouye To Qonvouevo tng avdopuntne Poduonoinong
(spontaneus scalarisation) twv Ladpmv OOV XEATWOVTAC YEVIXT T1) LOP®T| TNG OLUVEETNONG
ouCeuéne. To govouevo tng auddpuntne Baduonoinong yio padpeg TEUTEC UEAETAUNXE Yia
TEWTN Qopd ota mhaiowa Tng Vewplag Einstein-scalar-Gauss-Bonnet yio tnv exdetinr xou
NV TeTeay T cuvdpTnor olleuing. To gauvouevo epgaviCeton Yo cuvapThoel GULEVENS
ot onofeg amodéyovton Ty Schwarzschild poden onr (cuvodeuvduevn amd éva tetpuuévo Po-
Vw6 nedlo ¢(r) = ¢y) oav Aon e Yewploc Einstein-scalar-Gauss-Bonnet. Xe auto
TO Urcoct')vq)\o ™me Einsteiq—scalar—Gauss—Bonnet Yewplag 0 omolo avayvwplleton and Tig
ouviixec f(do) = 0 xou f(gg) > 0, n poden oy Schwarzschild pe udlo pixpdrepn omd
war xplown pdlo M, yiveton aotodic. Autd €xel g anotéhecpa T0 oUOTNUA Vo LeToBolvel
oe wa mo otadepr) Gauss-Bonnet padpr on 1 onola cuvodeleTaL 0O EVOL UNFTETELIUEVO
Borduwto medio. Ilopdio mou to gawvduevo tng auddpuntne Paduonoinong mapéyet évo Thal-
OO Yot Vo EENYHOOUPE TS ONULOURYOLYVTOL QUTEC Ol YopeC omég Oev amoTelel Yempnua
Omapéne. O pévog tpdmoc yiar vor umdpget uior avdopunto Baduomoinuévn yaden ony| elvon 1
enaAfjievon Tne oLV NG rﬁ > 96ff and Tig TapopéTeoue TS (OTKe oudPalver xou UE TIg
UTOAOLTIEG AUGELG TTOL ETUOEYETOL 1) VEWplot AAAG BEV 0ViXOLY GTO UTOGUVOLO TV avddpunTa
Boduonotnuévamy).

270 xe@dAoto 3 eMEXTEVOUNE TNV AvdhuoT) TOL TEONYOVUEVOL Xe@ahaiou BeioxovTog ho-
OELC HopwY OTwY Yl Eva ueydho e0pog Yewplov Einstein-scalar-Gauss-Bonnet. Ilio ouy-
HEXPWEVO PEAETAUE EVaL UEYTAO aptdUd ETAOYMY Yol TNV HORPT| TNG CLUVAETNoNS GULEVENS:
exUeTINéC, TOAVWYUUXES (GPTIES Xou TEPLTTEC), aVTIO TROYES TOAUWYUUXES (GPTIEC XOU TIEPLT-
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té¢) xoddg xon Aoyoprduxéc. Ye xde nepintwon, Jewpdvtac Tic XUTEAANAES GUVORLIXES
ouvirixeg, yenotwonowwviac pedodouc apriuntinric ohoxAfipworng Beloxouue éva yeydio
aprdud ANooewv Yl Yadpee OTEC Xl UEAETOUE AETTOUEQMS T YApaxTNEoTixd toug. O
OUVICTWOES TNG UETPXNS TV Aoewy mou Bploxouue yapuxtneilovion and pia ool
CUUTIEQLPORT, EYOVTOC TNV AVOUEVOUEVY] Lop®T] XOVTA oTov opilovia Tng padene omng xou
ULoL AOUUTTO TG ETTED T Wopt| oTo dmetpo. Ou Aloelg yio To Poduwto medio etvar opohéc
o€ OAT TNV oxTvixy| TEpLoy 1) xou YapaxTnellovial amd o TEREPUCUEVT TWH Téve GTOV 0pl-
Covta tng padpng omfg eve oTo dnelpo mpooeyyiCouv wo otadepr| T, H ouumespupopd
Tou PodunTod TEdlou UTOXELTOL GTNY OVIOOTN T fhgb;l < 0. T ouvapthoeig cUleVing Ue
fh>0 1 ouvdpTnoT mou TepLypdpel To Baduwtéd Tedio elvar @iivouca eve yia frn < 0 ebvou
av&ovoa. Emlong oha ta Barduwtd oputind yeyédn e€etdotnxay xon Beédnxe mwe xon autd
yapoxtnellovtan amd uio xadohixr cUUTERLPORED, aveldpTnTa amd TN LopPY| TNG CLVAETNONG
o0levéne f(¢), nonola OLUCPUAICEL TOV TIENEPUOUEVO YUQUXTARA, TNV UCUUTTWTLXY CUUTEQ-
1popd xaddg xan TNV opahoTNTA TV Aoy yag. Tehog, yio xde Abor, utoroyicTrxoy
Ol CUVICTWOESG TOU TAVUGTH EVERYELUG-0PUTS Xol BREUTX oy TEMEQUOUEVES X0 OUUAES GE OAT|
TNV ATV TEPLOYT. XE CUUPWVIA UE TA ATOTEAECUATA TOU TEONYOUUEVOU XEQPUAA(OU 1|
T7 cuviotooa Beednxe va etvon Yetinr) xou @iivouca oTic 600 ACUUTTOTIXES TEQLOYES TOU
YWEOYPOVOL Yior OAEC TIC AUOELS.

To puowd yapaxtneioTind twv Gauss-Bonnet podpwy ondv e&iydnoay yio xdde Aon
mou Peginxe. Ye xdle mepintworn mpocdopicaue 1o Baduwtd goptio D xon emmAov
uehethOnxe 1 e&dptnot Tou and TN pdlo M ng padeng omic. Xe OAEC TIC TEPLTTWOELS
70 Barduwtéd goptio Peédnxe mwe eloptdtar and T udla T uadenc omAc xou €Tl oL AU-
oeig yag yopoxtneiCovtar amd éva un TeTpYUEVo PoduwTtéd medio pe deutepedoviog TOTOU
hair. Emmiéov yia xdie Aoon Gauss-Bonnet podpwmv onwv mou Pegdnxe, mpoodloplotnxe
n evipotio S TN podene omhg xodwe xou 1 emipdvela A tou opiCovta. 26T600, emhéEoue
va doulédouue xupine e Toug Adyous twv tocot twy aut®y (A /Ase xon Sh/Sseh) pe
Tic avtioTolyeg Twée e Along Schwarzschild tne (Broc pdlac, plac xar €youy Teploc6TERT
TANEOPORiN Vo TROGPEEOLY. 1TO 6pl0 TWV UEYIAWY Ual®Y, Yiot OAEG TIC TEPLTTWOELS TOU
uehetrhooue, to Baduwtéd goptio D undeviletar (aouuntwtind) eved ot Adyor Ay /Agen xou
Sh/Ssen mpooeyyilouv Ty povdda. Emopévee, yeydhec Gauss-Bonnet padpec onég éyouv
T (Bl yopaxtnelo Tixd Ye Ty avtioToryn hbon Schwarzschild tng (Siog pdlac. Amd tnv
GAAT), Yoo g Téc tne udlag ot Gauss-Bonnet podpeg oméc elvon moAd Sapopetinée amnd
T avtioTowyeg Schwarzschild. Ye dheg tic nepimt@oelc 0 Adyog Tng empdvelag elvor TévTa
UEdTEPOG NG povadag. Enouévwg ou Gauss-Bonnet yadpeg onég elvon médvto pixpdTepeg
am6 T avtiototyeg Schwarzschild. O 6pog Gauss-Bonnet cav évag emmhéov Poaputindg
6poc¢ Tpoxahel TNV cLEEIXVWOT TwV Hadpwy onwy. Emmiéov, yio uixpéc udleg, o Adyog tng
evtpoTiag umopel va efvon peyohitepog 1 xou Uixpdtepog Tne povadac. H cuumepupopd tne ev-
Tpotiag unopel va pog mapéyet evoel€elc yia T otadepdTnTa Twv Aboewy. Ot Gauss-Bonnet
Hodpeg oTeEg UE evTponio peyohlTteen and Ty avtiotoryn Aoor Schwarzschild avopévouue
va etvon Vepuoduvopxd mo otadepr). Téhog, n oupmeppopd tou Baduwtod tedlou e&uptd-
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TOL ONUAVTIXG oo TNV op@Y| TNg ouvdpetnong oOleuing. XTo 6plo TV Uixp®y Jolny
xdde owxoyévelnr NOoEWY TaPOUCLALEL BLUPORETIXT) CUUTEQLYPORT, £lTE HovoTOVIXT| EITE Un-
HOVOTOVIXY).

210 xe@dAto 4 eMEXTEVOUUE TNV AVIAUGCT) TWV TRONYOUUEVKDY 000 XEQUAUWY TPOCE-
TOVTOG ot xoopoloyxr) otadepd A otnv dewplo.  Apyxd gpeuvolue v Unopén tpoo-
EYYIOTIX®Y AIGEWY OTIC 000 ACUUTTWTIXES TEPLOYEC. DTNV TEployr) Xovid otov opilovta
Beloxouue ANOoelC oL omoleg €youv o (BLor TOLOTIXE YoUEUXTNELG TS UE TIC avTioTotyec ADoELC
TWV TEOMNYOUPEVKY B0 xepohalwy. T xdie popgy| tng cuvdptnong olleuing uropolue
VO XOTOGHEVAGOUPE (Lot OokT) Abom yiar Tov opiCovta Tng padeng omrg. ‘Omeg xou ota mpo-
nyoVueva xepdhona, 1 ouvIx Yy TV UTaedn Tou opilovta cuvendyeton TNV UTaEdn £VOC
%4t oplou ylor TNV T TN axtivag TS adpng oS XAl CUVETMS Yot TNV Yalo Tng. LTV
GANT) AOLUTTWTLIXY TEELOY T, AUTY| TWV UEYIAWY ATOCTACEWY, 1) XAAOT) TwV AOOEWY ECORTATOL
oo To TEGONUO NG xoouoloywhc otoepds. o A < 0 Peioxouue 6Tt 0 ywpdypeovog Exet
woe anti-de Sitter popgn vy to Baduwtd medlo €yer wa Aoyoprdu woper. o A > 0
Beloxoupe Twe o ywpodyeovos €xel wa de Sitter popgr| eved to Badunmtd medlo yopaxtneile-
Tow OO UL TEMEPAOUEVY TWUH TV GTOV x0GUoAoYIX6 opllovTa. 261600, and 1o Yewpnua
No-scalar-Hair yvwpilCouye toe n Umopén Aicewy 6Tic 600 aGUUTTWTIXES TEPLOYES OEV €&~
ao@ahiler TV Untopdn wag eVOIdUESTS AOoNE 1) OTolol VoL EVOVEL OUOAY TIG BU0 OCUUTTOTIXES
neployeg. Ioapdho mou 1) eloaywyT| TNG XOOUOROYIXAC OTAVEQAC DEV ETLPEPEL UEYIAES CA-
Aoy€C OTNV LOP@PY) TOU UG TAUNTOS TMV EEICMOEWY TEDIOU, xAVeL e€onpeTixd BUOXOAT TNV
Topay WY1 €vog Vewpnuatog anoguync. Emouévwe gpeuvolue Ty Unapln twv Aboewy Bo-
owlopevol Yovo oe uedodoug apliunTnhic oAoXA PwonC.

210 xEPIANO 4 ETXEVIPWVOUUCTE GTNV EVPEST) apiunTxmy acuuntwtixd de Sitter
xadog xa anti-de Sitter Aiocewyv ota mhaiown T Yewplag Einstein-scalar-Gauss-Bonnet.
‘Onwe ot 070 TEONYOUUEVO XEQPIAALO YENOWOTOLOUUE TOMAES DLUPORETIXES UOPYES Yid
™V ouvdptnon oOleuing: exleTnés, TOMUWVUUIXES, aVTIOTEOPES TOAUWVUUXES XIS
xan Aoyapuiuée. To A < 0 o ywpdypovoe yopuxtneiletar amd évay ouard opilovta
Hodeng omAg xou Wit acLUTTWTIXG anti-de Sitter meployr oto dmepo, oc cuu@wvia e
TIC TPOCEYYIOTIXES avoAUTIXEG ADoELg Tou €youpe Peet. Emlong, n Abon vy o fodunmtd
medio elvan TovTo) TETEPACUEVT) Xou YapoxTneileton amd yio Aoyaprduixr] uop®r 6To dnelpo
d(r) = ¢o + dilnr + O(r~?). H ouurnepipopd awth, poll pe tnv anoucia evéc 1/r
6POL, LTOBEVVEL TNV amouaia evog dlatneoluevou Baduwtol goptiou. O cuvtekeothc di
UTEOOTE amd Tov hoyopiduixd 6p0 UG TApEYEL TANPOPORIES YLl TO TGO oY LEE amoxhivel
cuvdptnom Tou Baduwtol Tediou and TNV wopey| duvauooslpds. Beloxouue otL 1 andxiion
ouTh ebvan loyvpoTteen yio Gauss-Bonnet podpeg oméc pe pixpr udlo eV yio auTES PE UEYTAN
udla o cuvtereotc dy Unodevileton aouumtwTixd. Emniéov yia xdde Abon mou Beédnxe,
urohoyiloupe touc Adyoug g empdvetog xat tne eviponiac (Ap/Agaas xo Sp/Ssads) UE
Tic avtioToyec TWéS tne AUong Schwarzschild-anti-de Sitter tng dlag pdloc. ‘Omwe xon
OTNV TEPITTWON TWY ACUUTTOTXG ETERESWY HoIRmY TEUTOY, 1) TAELOUNQio TWV AOUUTTWTIXG
anti-de Sitter podpwv ToUTAOY Eyel Aoyo emidvelag uxpdTtepo Tng povddag. Ot anti-de Sit-
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ter Gauss-Bonnet podpeg tpineg ebvan enlong uixpdtepeg and Tic avtiotortyeg padpeg TeUTES
e levinric Myetwdtntoc. Movo otny mepintwon tng Aoyoprduxic ocuvdpetnong ouleuéng
Berproue podpeg TEUTES UE AOYO ETLPAVELWY UeYahOTEQO TNG povddag. Téhog, dmwg xou 670
TEONYOUUEVO XEPAANLO, O AOYOG TMV EVIPOTIMVY UAS TOREYEL EVOEIEEIC Yior TNV oTalepdTNTY
TV ANGEDY pog. Bploxouue mwe 1 ouumepLpopd ToL AGYOU TWV EVIPOTIWY EEaPTATAL ATd
™V pop®t| TnS cuvdptnong oleuing ahhd entiong xou omd TNY TYY TNG XOCHOAOYIXNEC O To-
Vepdc 0dNywvTag o€ ev duvduel otadepéc 1 actadelc Aooec. T A > 0 o ywpdypovog
yapoxtnelleTton amd évav odord opilovto hadene oA xou wo aouuTToTxd de Sitter mepl-
oY1} 070 ATELPO [E EVay OPakG X0OUOAOY O opilovta. Eva 1o Baduntd nedio eivon enlong
o6 cTov opilovta TNg padeng omhg, 0Tov xooUohoyxd opilovta ameipiletar. dotéoo0,
OTOV X00OUOAOYIXO 0plloVTa TO [yVOC TOU TOVUOTY EVERYELIC Opunic, TO omolo elval Wil o
VepeA®one ntocdHTNTo, Topopével Tenepaopévo. Mo mapduola cuumeplpopd Beélnxe meg
€youv xat ot AUoel yia solitons ota mAalota Tne Vewplac EsGB.

Y10 xepdhoo 5 Peloxoupe Aoelg v dwoyloyeg oxoulnxdTputeg oTo TAalol TNg
Vewplag Einstein-scalar-Gauss-Bonnet. ‘Olec ou hoeig yadpwy onev mou Perixous ota
TEOTYOUUEVA XEQAAOLAL, OXOUT XU Ol aoLUTTOTXG anti-de Sitter, yopoxtneilovrton amd
Lol devnTIXT| EVEQYO EVERYELUXT) TUXVOTNTA x0VTd oTov oplCovta Tng podene omhc. AuTth
1 oevnTix TuxveTnTa evépyelag odnyel ot mapaflacn tng acdevoig (Weak) »xodde xon
NG UNOEVIXTS (Null) evepYeloxric ouVIXNG GTNV TEPLOYH XovTd oTov optlovTa. AuTh 7
mopoflac, ota mhalow tng Yewplag Einstein-scalar-Gauss-Bonnet, anodidetar otny cuve-
1oopd Tou Paputixol dpou Gauss-Bonnet. H ropoafioon twy evepyelandyv cuvinuy odnyel
oTnVv Onuoupyior AOGEWY Yo OXOUANXOTRUTES Wi xon efvon amapadTrnTn yior Ty dnutoupyio
ToL Aouol Toug. lotéoo, and T oTiyur Tou 1 TapoBiacT ogelheTon GTNY TOEOUGEN TOU
6pou Gauss-Bonnet —xot w¢ ex To0tou glvor éva xadapd Boputind Qouvouevo— dev umopel vo
amodolel oty Tapoucio eEwTxng UANG. XNy Tepintoot| uag, to Baduwtd medio €yel mav-
00 Vet evepyetoxr) Tuxvotnta, anotelel cuvriouévn UAn/evépyeto xou €tot oL ANoELC
wog urmopolv va Yewpenloly we ol mo peaiotixéc tne PiBAoypagioc. ‘Omwe xow ota mpo-
nyoLueva xepdhona, Boloxouue apriuntixéc AGEIC Lol GXOUANXOTEUTES Y ENOHLOTOLOVTAC
évar ueydho mARdog emAOYOY YLo TN HOPPY| TNG CLVAPTHOEWS GULEVENC.

O yowpdypovog twv Acewv mou Peloxoude Yo TI¢ ox0LANXOTELUTES Efval opahog ot
ONOXANEN TNV axTvixr Teploy Y| xou dev Teptéyel opllovTes 1 Ywpoypovixés avwuoiies (singu-
larities), ETOUEVKC oL ADoELC Jag etvar dlaoyiowes. Enlong ol oxovinxdtpuneg mou Belox-
OUUE UTOPOUV VO €YOUY EVAY 1] aXOUT ot 0UO AouuoUg Ve Efvol aCUNTTLTIXG ETTEDES.
To Boduwté medlo etvon movtod opard xon yapoxtneileton amd éva datneoduevo Baduwto
goptio 10 omolo, avtideTa e TNV TEPINTWON TWV YadEKY OTKY, Eyel TewTebov hair. Ou
Aooeg Tou Beloxoude oTny VeTiny| TEQLOYY| TNG AXTVIXAC CUVTETAYUEVNG ENEXTEVOVTAL GUU-
UETEIXA OTNY 0RVNTIXY TEQLOY T WOTE Ol AJGEL UOC VA YNV TEQLEYOUY YOROYPOVIXES OV-
OUOAES. AuTY 1) CUUUETEIXY ETExTaoT amanTel TNV UToedn wag xatovourc walac yoew and
TO AP TNG OXOUANXOTEUTAG 1) oTolo woToo0 Unopel va detydel tog enlong anoteheltar and
puod amodextd cwpatidia. o xdde Aoon mou Beloxouue xataoxevdloupe To avticToryo
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OLdrypaua Looyeteixol eufamntiopod. Emmhéov yia xdide cuvdptnomn olleuing PBeloxouue
T0 medlo Umapdng Twv Aoy pag. Télog, 610 xe@dhao 6 Topouoldlouue ToL GUVOAXE
CUUTEQAOUATA TN OLOOXTOPAG OLUTEIBNS.

YuvoliCovtag, undpyouv toyvpd xivitea yior T pehétn g Yewplag Einstein-scalar-
Gauss-Bonnet 1 omofo efvan o Yewplor mou nepthauBdver owty| Tou Einstein xou tnv enex-
TEIVEL UE EVOL TETPAYWVIXO 60 WS TEOC TNV XUUTVAGTNTA 0TS Vol AVAUEVOUE YL Lol VEX
evepyd Vewpla Poplnroc mou Yo nepiéypage TNy Bapltnta ot Teployé Woyupol nediou. H
Yewpla EsGB avixel oty owxoyévelo twv Yewpidv Horndeski enopévne meptéyet uovo éva
emmAéov BadunmTo medio xou oL e€loMoEelg xivomng €youy UoVo uéyet BEVTERNG TAENG Tapory -
youc. Emmiéov, aveZdptnto and tn wop@h tne ouvdetnong ouleving f(¢), n Yewpla EsGB
odnyet oe pla TANY®Ea VEWY TOTXGY BaouTinedy ACEWY PETOED OUTOV HoDEWY OTWY, OX-
OLUANUOTEUTWY 1) oxOur xou solitons pe moAd ehxuoTd yopaxtneotixd. Télog 1 Yewpia
EsGB, 6cov agopd i Tomixég Aoelg, emPLidVEL TPog TO THpoVY omd TOUG TEPLOPLOUOUS TTOU
UETOUY TA TOEUTNENOLAXE DEOOUEVAL.
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Preface

As the ultimate theory of Quantum Gravity, that would robustly describe gravitational
interactions at high energies and facilitate their unification with the other forces, is still
eluding us, the interest in generalized gravitational theories remains unabated in the
scientific literature. The construction of generalised gravitational theories, with the in-
clusion of extra fields or higher-curvature terms in the action, has attracted an enormous
interest during the last decades [9-11]. The main reason is that these theories may pro-
vide the framework in the context of which several problems of the traditional General
Relativity may be resolved. Therefore, in the context of these modified gravitational
theories, different aspects of gravity, from black-hole solutions to cosmological solutions,
have been re-addressed and, in several occasions, shown to lead to novel, interesting
solutions.

In this spirit, generalised gravitational theories containing scalar fields were among
the first to be studied. However, the quest for novel black-hole solutions — beyond the
three well-known families of GR — was abruptly stopped when the no-hair theorem was
formulated [12, 13], that forbade the existence of a static solution of this form with
a non-trivial scalar field associated with it. Nevertheless, counter-examples appeared
in the years that followed and included black holes with Yang-Mills [14-17], Skyrme
fields [18,19] or with a conformal coupling to gravity [20,21]. A novel formulation of
the no-hair theorem was proposed in 1995 [22] but this was, too, evaded within a year
with the discovery of the dilatonic black holes found in the context of the Einstein-
Dilaton-Gauss-Bonnet theory [23,24] (for some earlier studies that paved the way, see
[25-30]). The coloured black holes were found next in the context of the same theory
completed by the presence of a Yang-Mills field [31,32], and higher-dimensional [33-36]
or rotating versions [37-47] were also constructed (for a number of interesting reviews
on the topic, see [48-51]). This second wave of black-hole solutions were derived in the
context of theories inspired by superstring theory [52]. During the last decade, though,
the construction of generalised gravitational theories was significantly enlarged via the
revival of the Horndeski [53] and Galileon [54] theories. Accordingly, novel formulations
of the no-hair theorems were proposed that covered the case of standard scalar-tensor
theories [55] and Galileon fields [56]. However, these recent forms were also evaded [57]
and concrete black-hole solutions were constructed [58-62].
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Motivated by string theory with the dilaton as the scalar field, the Einstein-dilaton-
Gauss-Bonnet (EdGB) theory features an exponential coupling between the scalar field
and the GB term [52,63,64]. Black-hole solutions arising in the context of the EAGB
theory differ from the Schwarzschild or Kerr black holes since they possess a non-trivial
dilaton field and thus carry dilaton hair [23,24,31-47]. The extended Einstein-scalar-
Gauss-Bonnet (EsGB) theories, where the coupling function f(¢) may have any other
form has attracted recently considerably attention [1-3,57,59, 65-76]. The Einstein-
scalar-Gauss-Bonnet theory represent interesting alternative theories of gravity. They
belong to the class of quadratic gravitational theories that contain higher-curvature
gravitational terms. These terms are treated as small deformations that nevertheless
complete Einstein’s General Relativity and may modify its predictions at regimes of
strong gravity. The resulting field equations are of second order, avoiding Ostrogradski
instability and ghosts [53,77,78]. In addition, this quadratic theory has so far survived the
constraints set by the detection of gravitational waves emitted during the binary mergers,
when the coupling function allows to set the scalar field to zero in the cosmological
context, and thus lead to the same solutions as the standard cosmological ACDM model
[79]. The study of the types of solutions that this theory admits is therefore of paramount
importance.

In this thesis we will focus on the derivation of new local solutions in the framework of
the Einstein-scalar-Gauss-Bonnet theory. A few years ago, we demonstrated [1,2] that for
any form of the coupling function, the Einstein-scalar-Gauss-Bonnet theory admits novel
black-hole solutions with a non-trivial scalar hair. Almost simultaneously, two indepen-
dent groups [65, 66] —examining specific forms of the coupling function— proposed that
in the framework of the EsGB theory the black holes may be spontaneously scalarized.
These spontaneously scalarized solutions are included in the analysis of [1] as special
cases since it includes both the spontaneously and the induced (naturally) scalarized so-
lutions. In a general theoretical argument, that we presented in [1,2], it was shown that
the presence of the Gauss-Bonnet term was of paramount importance for the evasion of
the novel no-hair theorem [22]. In addition, the exact form of the coupling function f(¢)
between the scalar field and the GB term played no significant role for the emergence of
the solutions: as long as the first derivative of the scalar field ¢} at the horizon obeyed a
specific constraint, an asymptotic solution describing a regular black-hole horizon with
a non-trivial scalar field could always be constructed. Employing, then, several different
forms of the coupling function f(¢), a large number of asymptotically-flat black-hole so-
lutions with scalar hair were determined [1,2]. Additional studies presenting novel black
holes or compact objects in generalised gravitational theories have appeared [80-91] as
well as further studies of the properties of these novel solutions [45,46,67,69,92-110].
Finally the stability of scalarized black holes of EsGB theories has been addressed in
detail by analyzing their radial perturbations and revealing a distinct dependence on the
coupling function [69, 70].
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The last decades, the existence of black-hole solutions in the context of scalar-tensor
theories has attracted the interest of many scientists and many new solutions have been
produced [111-116]. While in the presence of a negative cosmological constant a sub-
stantial number of solutions —with an asymptotically Anti-de-Sitter behaviour— have
been found [117-135], in the case of a positive cosmological constant, the existing stud-
ies predominantly excluded the presence of a regular, black-hole solution [136,137]. In
this direction, we extended our previous analyses [1,2], by introducing in our theory
a cosmological constant A, either positive or negative [3]. Our aim was to investigate
whether, and under which conditions, new solutions for black holes may produced in
the presence of A. In this work we performed a comprehensive study of the existence
of black-hole solutions in the context of the Einstein-scalar-Gauss-Bonnet theory. As in
our previous works, we keep arbitrary the form of the coupling function f(¢) in order
to keep our analysis as general as possible and we look for regular black-hole solutions
with a non-trivial scalar hair and an (Anti-)de-Sitter expansion at infinity. We thus
repeated our analytical calculations both in the small and large-r regimes to examine
how the presence of A affects the asymptotic solutions both near and far away from
the black-hole horizon. For any form of the coupling function and for both signs of the
cosmological constant, our theoretical analysis indicates the existence of regular approx-
imate solutions in both asymptotic regions. Using numerical methods we constructed
both asymptotically de-Sitter and anti-de-Sitter solutions. We presented a large number
of novel black-hole solutions with a regular black-hole horizon and a non-trivial scalar
field. In the production of these solutions we used a variety of forms of the coupling
function f(¢): exponential, polynomial (even or odd), inverse polynomial (even or odd)
and logarithmic. Then, we also examined their physical properties such as the tempera-
ture, entropy, and horizon area. We also investigated features of the asymptotic profile
of the scalar field, namely its effective potential and rate of change at large distances
since this greatly differs from the asymptotically-flat case.

A particularly interesting property of all the black holes solutions found in the frame-
work of the Einstein-scalar-Gauss-Bonnet theory is the presence of regions with nega-
tive effective energy density near the horizon. This may attributed to the presence
of the higher-curvature Gauss-Bonnet term and is therefore of purely gravitational na-
ture [23,24,138]. Actually, this violation of the energy conditions near the horizon
leads to the evasion of the No-scalar-Hair theorems. On the other hand, is known
that the traversable wormholes in General Relativity also violate the energy condi-
tions [139, 140]. Consequently, the Einstein-scalar-Gauss-Bonnet theory may allow the
existence for Lorentzian, traversable wormhole solutions. But whereas in General Rel-
ativity the violation is typically achieved by a phantom field [141-146], in Einstein-
scalar-Gauss-Bonnet theories it is the effective stress-energy tensor that allows for this
violation [138,147]. Thus, since the violation of the energy condition is due to the Gauss-
Bonnet term, it should not associated with the presence of exotic matter. The first
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traversable wormhole solutions in the framework of the Einstein-scalar-Gauss-Bonnet
theory was found about ten years ago in the special case with an exponential coupling
function [138,147]. Since, for any form of the coupling function we may construct black
hole solutions, it is tempting to conjecture that the more general Einstein-scalar-Gauss-
Bonnet theories should also allow for traversable wormhole solutions. Therefore, in our
last work [4] we considered a general class of Einstein-scalar-Gauss-Bonnet theories with
an arbitrary coupling function for the scalar field. We first readdressed the case of the
exponential coupling function, and show that the theory is even richer than previously
thought, since it features also wormhole solutions with the new property of a double
throat and an equator in between. Then, we considered alternative forms of the scalar
coupling function, and demonstrate that the Einstein-scalar-Gauss-Bonnet theories al-
ways allow for traversable wormhole solutions, featuring both single and double throats.
The scalar field may vanish or be finite at infinity, and it may have nodes. We also
mapped the domain of existence of these wormholes in various exemplifications, eval-
uated their global charges and throat areas and demonstrated that the throat remains
open without the need for any exotic matter.

The outline of this thesis is as follows: chapter 1 will serve as an introductory chapter.
In this we will present an introduction to General Relativity and to static black hole
solutions. We then discuss the existence of traversable solutions for wormholes in General
Relativity as well. Also, we mention the need for generalized gravitational theories and
focus on the scalar-tensor theories and especially on the Einstein-scalar-Gauss-Bonnet
theory. Finally, we present a brief introduction to the No-scalar-Hair theorem. In chapter
2 we examine the evasion of the No-scalar-Hair theorems in the framework of the Einstein-
scalar-Gauss-Bonnet theory and we derive the constraints for the existence of black hole
solutions. In chapter 3 we derive numerically asymptotically flat black hole solutions in
the framework of the EsGB theory. In chapter 4 we investigate the existence of black hole
solutions in the EsGB theory and in the presence of a cosmological constant. Also, we
derive numerical solutions in the case of a negative cosmological constant. In chapter 5
we produce numerical solutions for wormhole solutions in EsGB theory. These wormholes
are traversable, do not need exotic mater and may be characterized by a single or even
a double throat. Finally, in chapter 6 we present our conclusions.
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Chapter 1

Introduction

1.1 Geometry of General Relativity

Einstein’s General theory of Relativity (GR) [148] is the theory that describes gravity.
It is a geometrical theory in which the gravitational interactions are related with the
geometry of spacetime. Einstein’s theory not only includes (as a limit) the traditional
Newtonian gravitational theory, which describes weak gravitational fields, but also ex-
tends it providing a framework for the description of strong gravitational interactions.
Over the 100 years of its existence, it counts many experimental successes such as the
explanation of the excess advance in the perihelion of Mercury, the prediction and ob-
servation of compact objects like the black holes [149-154] and the neutron stars, the
gravitational redshift and more recently the observations of gravitational waves [155] and
black hole shadows [156].

Before we proceed with the formulation of the General Relativity, we will first discuss
its mathematical framework [157-160]; that of differential geometry which constitutes the
generalization of the Euclidean geometry on curved spaces. The geometry in General
Relativity is described by the metric tensor g, which is a second rank' symmetric
tensor. The metric tensor is appearing in the well-known “first fundamental form” of
the differential geometry which is also known as the line element

ds* = g, datdx”, (1.1)

where x# = (ct, ¥). Here we introduce the Einstein’s summation convention in which an
upper and a lower index (in the same side of the equation) denoted by the same letter are
summed over. The above equation is a generalized form of the well-known line element
of the Special Theory of Relativity

ds* = n,dz"dz”, (1.2)

1The rank of a tensor is the total number of its indices.
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Chapter 1. Introduction

where 7, is the metric tensor of the flat Minkowski space-time?.

The most useful mathematical objects in General Relativity are the tensors. Tensors
are objects with indices, which are the generalization of vectors, that obey a specific
transformation rule under a coordinate change x* — z/* = z/*(x"), namely

/a1 P
T/alocg...an — ax 8‘7; i A1A2... An
B1B2...Bm 8xA1 '“ax/ﬂm p1LP2---Pm "

(1.3)

Not all objects with indices are tensors, two known examples are the Kronecker delta
symbol §# and the Levi-Civita symbol #*??. In this framework, it is very interesting to

see how the partial derivative (GM = %) of a tensor transforms in a curved spacetime:
oz _ 08 0z Oz 0z 0z ox® 9 02"

OA) = —0,——Ag= """ 0,A3 = ——"—"0,A A . (14

(O Av) A 9P T Pam D b e Oz st AP dxe O (14)

From the above equation it is clear that we need to generalize the definition of the partial
derivative in order to preserve its tensorial behavior. The generalized derivative is called
covariant® derivative. For a vector A is defined as:

VA = 0,A" +T0, A, (1.5)
VA, =0,A, — T, Ay, (1.6)

and it is easy to generalized it for tensors with more indices. In the above equation the
objects I'7, are known as metric connections and it is clear that they are not tensors
since their transformation law is:

p 02 0z 92\ da® 92® O 0a”
T 9a Qe 9 B Dae xv Hx OB

(1.7)

The metric connections are not unique. In the usual formulation of General Relativity
they take the form of the Christoffel’s symbols which may be expressed by the following
combination of the metric tensor and its derivatives

1
qu = Eg)\p (a,ugAV + 8Vg)\u - a)\guu) . (18)
Returning to the metric tensor, we may define its inverse through the relation g"g,\ =
0¥, Using the definitions of the covariant derivative and the Cristoffel’s symbols it is
casy to show that the covariant derivative of the metric tensor vanishes: V,g,, = 0
and V*g,, = 0, a property called metric compatibility. Also, we can use the metric

2Throughout this work, we will use the (—1,+1,+1,+1) signature for the Minkowski tensor Ny -

3In the language of Differential Geometry the upper indices of a tensor are called contravariant
indices while the lower ones are called covariant. Here, for simplicity we will use only the terms upper
and lower with only exception the covariant derivative.
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1.1. Geometry of General Relativity

tensor in order to change the position of an index by following the rules: A, = g, A”
or A¥ = g™ A,. Finally, zeroth order tensors, also known as scalars, are of particular
interest in physics since they are invariant under a coordinate transformation (A" = A).
All the measurable quantities in physics are related with scalars.

We have already mentioned that the geometry of the general relativity is a general-
ization of the flat Minkowski space in curved spacetimes. Although all the information
about the curvature (and the geometry) of the spacetime is encoded inside the met-
ric tensor, it is useful to define a curvature tensor. The curvature tensor is known as
Riemann’s curvature tensor and is defined as:

R, =07, — 01", + FPMFA LN (1.9)

vo Qo

in terms of the metric through the Christoffel’s symbols. In the framework of the Differ-
ential Geometry the Riemman tensor is related with the so called Gaussian curvature.
Two useful geometrical quantities for the General Relativity, which can be extracted
from the Riemann tensor, are the Ricci tensor which is defined as

Ry = g Rypw = R? ,,, = 8,17, — 0,17, + 17 ,T*, —T7 \T* (1.10)
and its trace, also known as Ricci scalar, defined as
R=g¢"R,,. (1.11)

From Eq. (1.8) and from the metric properties, it is easy to conclude that the Christoffel’s
symbols I'f, are symmetric under the change of the two lower indices I'?, =I') . Then,
from Eq. (1.9) we may find the symmetries of the Riemann tensor. The Riemann tensor
is antisymmetric under the change of its first two indices or under the change of its last
two indices while it is symmetric under the change of the first pair of indices with the
second:

Rype = —Ryppo, Ruvpe = —Ruvop, and Ruvpe = Rpop- (1.12)

Using the above equations we find that the Ricci tensor is symmetric R, = R,,. Finally,
a very useful property of the Riemann tensor is the Bianchi identity:

V)\Rpa',uu + VpRa')\,uV + VO'R)\pp,l/ =0. (113)
Contracting twice the Bianchi identity we find
guaguk (V)\Rpaul/ + vaa)\uu + VURAp/LV) = 07

1
V'uRpM - §va — 0,

1

v (RW - §g,wR> = 0. (1.14)
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The quantity inside the brackets in the above equation G, = R, — % 9w I is known as
Einstein’s tensor and as we will see in the next section it is very important in General
Relativity.

1.2 The General Theory of Relativity

Newton’s gravitational theory consists of two elements: An equation which relates the
gravitational field with the matter distribution and an equation for the gravitational
force that a test particle feels when it moves inside the gravitational field. In order to
formulate these two elements it is convenient to use the language of the gravitational
potential ®. The potential of the gravitational field is related with the density p of the
mass distribution by Poisson’s equation:

V20 = 47Gp, (1.15)
while the equation for the gravitational force is:
F, = —myV®. (1.16)

In the above equation, with G we denote the Newton’s constant and the coefficient my
is called the gravitational mass and can be thought of as the gravitational charge of the
test particle. Inserting Eq. (1.16) into the Second Law of Newtonian mechanics we get
mpad = —mgﬁq), where my is the inertial mass. These two masses in general could be
very different. For example, if this was true the statement of Aristotelian physics that
between two falling objects the heavier object falls faster would be also true. However,
experiments performed by Galileo showed that for free falling objects the gravitational
mass is equal to the inertial mass m, = m;. The equality of the two masses is known as
FEquivalence Principle and for the gravitational field we may write

i=—-Vo. (1.17)

The motion and the orbit of freely falling test particles is universal and do not depend
on their mass. The validity of the Equivalence Principle was experimentally tested first
by Eotvos [161] and by other modern experiments [162-169].

The universality of the movement of massive particles in a gravitational field as
implied by the Equivalence Principle denotes that: In small enough regions of spacetime
there is mo way for a freely falling observer to distinguish the effect of a gravitational
field from that of a uniform acceleration. This universality also states that there is a
special class of trajectories where unaccelerated particles move. These trajectories are
known as inertial trajectories and by unaccelerated we mean that a particle which travels
under the effect of a gravitational field (i.e. freely falling) does not “feel” its acceleration.
This led to the deduction that gravity should not be considered as a force since a force
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1.2. The General Theory of Relativity

is an effect that produces an acceleration. However, after the formulation of special
relativity and the reconsideration of the concept of the mass, which now is related with
the energy and momentum, Einstein thought that the Equivalence Principle should be
also generalized. This generalization is known as Einstein’s Equivalence Principle and
states that: The outcome of any local experiment in a freely falling laboratory does not
depend on its velocity or on its location in spacetime. We cannot detect the existence
of a gravitational field using local experiments. The laws of physics do not depend on
the choice of the coordinate system and in small enough regions of spacetime reduce to
those of special relativity.

This strange universality of the gravitational field led Einstein to the idea that the
gravitational interaction is not a true force but instead is related with the curvature of
spacetime. In many cases, but not always, we can generalize the laws of physics in a
curved background following a simple recipe. First, in order to formulate our equations
in a coordinate independent form we express them using tensors and then we simply
change all partial derivatives with covariant derivatives. Using this method, called the
minimal coupling principle, we can easily find the equation that governs the motion of
a test particle in general relativity. In Newtonian physics a free falling particle moves in
a straight line. The parametric equation z#(£) of a straight line obeys the differential
equation:

d*axt
dg?

In a curved background, while dz* /d¢ is invariant under a coordinate change the d?z* /d¢?
is not. We could easily see that by using the chain rule:

= 0. (1.18)

d?a* dx¥ . da*
S (1.19)

Now, in order to generalize the above equation in a curved background, we replace the
partial derivative with a covariant one:

dz¥ . dxt dz¥ _ dx* B A2t i dx? dx®

a%a =0 7w Yae T de Tleagae T

0. (1.20)

The above equation is known as geodesics equation and in General Relativity describes
the motion of a particle which moves only under the gravitational interaction. In a
curved background the geodesic curves are the generalization of the straight lines; they
are the curves of minimum length that connect two distinct points. In General Relativity
it is useful to express the geodesics equation using the proper time parameter 7 (with

dr?* = —ds?) instead of the random parameter &:
d*x? dzt dx”
o — = 0. 1.21
dr? modr dr 0 ( )
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As in the Newton’s theory of gravity, the motion is independent of the particle’s mass.

While the geodesic equation is the generalization of the straight line equation, in
curved spacetimes we cannot just claim that it describes gravity. If the geodesic equation
describes the gravitational field, it should reproduce Newtonian gravity Eq. (1.17) at
the weak field limit [157-160]. In order to do this we use the weak field approximation.
In this, the metric tensor may be written as

G (") = Ny + Dy (2") (1.22)

where h,, are small perturbations over the Minkowski space-time. In the context of
General Relativity, the metric perturbations h,, are sourced by gravitating bodies and
obey the inequality |h,,| < 1. As a result a linear-approximation analysis may be
followed. Here we will briefly review the corresponding formalism and we will present the
equations of General Relativity in the linear-order approximation (for a more detailed
analysis, see for example [5, 157-160, 170,171]). If we use Eq. (1.22) and keep only
terms linear in the perturbation h,,,, we easily find that the Christoffel symbols take the
following form

1
FZ[V - 5 77ap (hup,u + hup,u - hul@p) s (123)

where we introduce the comma notation (A,, = 0,A). In the linear approximation, the
tensor indices are raised and lowered by the Minkowski metric 7,,. Also, the proper time
dr?
c2dt?

dr? = —ds* = dt? (1 - ) = dr? =, (1.24)
at the Newtonian limit —where the velocities are small enough compared with the speed
of light (u < ¢) so v ~ 1— takes the simple approximate form dr = edt. Using this, the
spatial part of the geodesics equation Eq. (1.21) takes the explicit form?*

d?x’ - da?  da? dx*

271 7 7 . Ay 271

From Eq. (1.23) and using the fact that the Newtonian gravitational field is static we
find that ) )

Replacing the above equation in Eq. (1.25) we find o' = %02 10" 0jhoo and comparing with
the Newtonian equation (1.17) we find

20
hoo — —?, (127)

4Here we use the usual convention that Greek indices take spacetime values (0,1,2,3) while Latin
indices take only spatial values (1,2, 3).
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where ® is the Newtonian gravitational potential. In terms of the metric tensor we
have ggg = — (1 + i—‘f) . Thus, we have shown that the curvature of the spacetime may
describe the gravitational force at the Newtonian limit. In the strong field regime the
theory must be experimentally tested®.

Unfortunately, in order to find the second gravitation equation (the field equation)
we cannot start from Eq. (1.15) and use our simple recipe. However, we know that
the generalization of the gravitational potential is the metric tensor g, which is a
second rank symmetric tensor. Thus, the density p of the matter distribution should
be also generalized to a second rank symmetric tensor 7}, which is known as energy-
momentum tensor. We also know that the majority of the equations in physics con-
tain up to second order derivatives. Therefore, we search for an equation of the form
A (G 09y, 02gy) = kT, Finally, we know that the energy is a conserved quantity.
In terms of the energy-momentum tensor this conservation is expressed by the following
equation:

VT, = 0. (1.28)

Thus, the A, tensor should also obey the same equation V#A,, = 0. Instead of A, we
could use V,V*g,,, but we already know that the covariant derivative of the metric tensor
vanishes V,g,, = 0. However, we note that the Riemann tensor R,,,, is constructed by
first and second derivatives of the metric tensor and also the Ricci tensor R,,, which is
produced from the Riemann tensor, is a second rank symmetric tensor. Furthermore,
we recall from differential geometry that any tensor which contains up to second order
derivatives of the metric tensor may be expressed using the Riemann tensor and its
contractions. Finally, in order to find the explicit form of the tensor A,, we observe that
the Einstein’s tensor G, = R, — % g, R justifies all the above criteria. Concluding, the
field equations of general relativity are given by the following equation:

G =kT,, (1.29)

where k is a constant.

In order to determine the proportionality constant k, we again use the weak field
approximation and demand that Eq. (1.29) reproduces the Newtonian field equation
Eq. (1.15). Using Eqgs. (1.22-1.23), we can easily show that the Ricci tensor Eq. (1.10)
in the linear approximation assumes the form

1
R, = 5 (B wp + W oo — O hy — By (1.30)
where 9% = n*9,0,. In the above equation, we have also defined the trace of the metric
perturbations h = n*”h,,,. Correspondingly, the trace of the Ricci tensor (Eq. (1.11)) is

5Actually, over the last century, the General Relativity counts many experimental successes; from
the explanation of the excess advance in the perihelion of Mercury up to the recent observations of the
gravitational waves or the black hole shadows.
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found to be
R=h",, —9h. (1.31)
If we combine the Ricci tensor and its trace, the Einstein tensor takes the following form
1
G = 5 (R e + hpa — 0% R — Doy — Ny W o + 0y OPR) (1.32)

Usually in gravity, in the linear approximation, one may define the so-called trace-inverse
perturbations A, in terms of the original perturbations h,,,:

- 1
Py = hyas = 5 1 - (1.33)

In terms of the new perturbations, the Einstein tensor simplifies to:

1

G = 5 (iﬂwa T Bo‘ﬁ,w) . (1.34)

The above tensor satisfies Einstein’s field equations Eq. (1.29) which now are written as

hamya + BO‘V’HQ _ 325#1/ — N Baﬁ’aﬁ =2kT,,. (1.35)

If we make a coordinate transformation of the form a* — z* = x* — +*, we can
easily see that the metric perturbations transform as h,,, — b, = hy, +7u0 + 70, This
transformation leaves Einstein tensor unchanged and hence the field equation. Transfor-
mations of this form, which do not alter observable quantities, are called gauge transfor-
mations. When we solve a problem, it is often convenient to reduce the gauge freedom
by imposing constraints to the perturbations h,,. These constraints are called gauge
conditions. Usually, in the linear approximation, we use the so-called transverse gauge
condition iz“”w = 0. Under the imposition of the transverse gauge condition the Einstein
tensor takes the simple form

1 .~
G;u/ = _§a2huy7 (136)

while the field equations are .
Oh,y, = —2kT,, . (1.37)

If we multiply Egs. (1.37) with 7", we get 82h = —2kT or 0*h = 2kT and we can
rewrite the field equations as:

1
O?hy = —2k (TW — 577WT) : (1.38)

For a perfect fluid matter distribution, the energy-momentum tensor takes the form:
TIW = (p + p)uuuu + PGy (1.39)
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where u,, is the four velocity of the fluid, while p and p its energy density and momentum
density respectively. Since the pressure of a fluid is important only if its velocity is
relativistic, in the Newtonian limit we may neglect it. In what follows we will assume
that the distribution of energy in the system is described by the expression T}, = pu,u,
which corresponds to dust. We will also work in the rest frame of the fluid so the
4-velocity is u* = (u°, u’) = (c,0,0,0). Using this, we find that the trace of the energy-
momentum tensor is T = —c?p and the expression inside the brackets in Eq. (1.38) is
(To — %UOOT) = %p. Using hgy = —2®/c* and the fact that the Newtonian potential is
static, Eq. (1.38) takes the form

. k
0,0'd = §c4p. (1.40)
Comparing the above equation with the Poisson equation (1.15), we identify the pro-

portionality constant as k = 82—40 and the field equations of General Relativity therefore

are: . rC
T

R/W — leWR = 77—‘“”. (141)
For simplicity, from now on we will use the so called geometric unit system in which we
set ¢ =1 and G = 1. This unit system will also help us to avoid the confusion by using
the same symbol for Einstein’s tensor G, and for Newton’s constant G. We could easily
confuse the Newton’s constant G' with the trace of the Einstein’s tensor G = ¢g"'G .
Finally, we note that in vacuum (i.e. T, = 0) Eq. (1.38) takes the form 9%h,, = 0

which is a wave equation with propagation speed equal to the speed of light:

1 92 0 0
- V—— | hy,, =0. 1.42
( 028t2+n 8.7:18369) o =0 (142)

The General theory of Relativity predicts the existence of gravitational waves which
propagate with the speed of light [157-160]. These waves were first detected a few years
ago [155,172—-174], exactly 100 years after the formulation of General relativity.

1.3 Lagrangian Formulation of General Relativity

The General theory of Relativity, as every field theory, may be expressed using the
Lagrangian Formulation. Usually, when we construct a Lagrangian for a field we start
from a kinetic term and a potential and we add possible interactions. However, in
General Relativity our field is the metric tensor. We mentioned in the previous section
that any tensor which contains up to second order derivatives of the metric tensor may
be expressed in terms of the Riemann tensor and its contractions. Therefore the only
non trivial scalar we could use as Lagrangian density is the Ricci scalar:

S = /d4x\/—_gR, (1.43)

41



Chapter 1. Introduction

where ¢ is the determinant of the metric tensor. The above action is known as Hilbert
action.

In order to find the field equations we have to vary the above action with respect to the
metric tensor g"”. Using the relation g,,g"* = 4, and the fact that the Kronecker delta
remains unchanged under a variation, we find 0g,, = —g,,9.,509”°. Using R = g" R,
we may write the variation of the action as:

where

05 = /d4a:\/—gg“”5RW, (1.45)
059 = /d4$\/—ng5g“”, (1.46)

583 = /d4xR6\/—g. (1.47)

The second term §S5 has the required form so we have to work out only the other two
terms. Starting from the first term we first note from Eqs. (1.9)-(1.10) that the Riemann
(and the Ricci) tensor is expressed in terms of the Christoffel symbols. In order to find
the variation of the Riemann tensor with respect to the metric tensor it is easier to find
first its variation with respect to the Christoffel symbols. We define the variation of the
Christoffel symbols as:

e =10, +0I7,. (1.48)

The variation of the Christoffel symbols (6I'%,) as the difference of two Christoffel symbols
is a tensor and as a result we may define its covariant derivative:

Va (0T%,) = 0 (6T%,) + T, 617, — 5,004, — I'5,00%,.. (1.49)

All the covariant derivatives in the above equation are taken with respect to the metric
tensor g,,. After some algebraic manipulation we find that the variation of the Riemann
tensor assumes the form:

SR’ ,, = VA(OT%,) — V,(6T% ). (1.50)

The substitution of the above equation in the first term of the action’s variation §.5;
yields

55, = / 0oy =g Y, [¢"(6T%,) — ¢ (5T,)] (1.51)

The variation in the above equation has the form of a total derivativei.e. V,A*. By using
the Stokes’s theorem the contribution of a total derivative, in the field equations, is equal
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to a boundary contribution at infinity. By making the variation vanish at infinity we
may eliminate the boundary contribution. Thus, a total derivative does not contribute
to the field equations and we may set 657 = 0.

For the third term S35 we need the following relation which holds for any square
matrix M with a non-trivial determinant: In(det M) = Tr(In M). The variation of this
equation is

_ —1
T Ma(det M)="Tr (M '6M). (1.52)

Using the above equation with det M = g we find that 6g = —¢ ¢,,0g"". Now, we can
easily find the variation of the \/—g term appearing in the 653

1 1
—_) = ——— = —— — Hy
5/ 2\/__9(59 5V 99,09 . (1.53)

By replacing in Eq. (1.44) we find:

0S 1
0S8 = (Sg#”(SgW = /d4x V=g (RW — —gu,,R> ogh. (1.54)

2

From the above equation we derive the vacuum field equations of General Relativity
G, = 0. As we will see in the following sections the advantage of the Lagrangian
formulation is that we can easily modify General Relativity using it. In order to find the
complete set of the field equations we have to add an extra term in the action which is
related with the matter:

1

where with Sy we denote the Hilbert action and with Sj; the matter term. Using the
middle term from Eq. (1.54) we can extract the definition of the energy-momentum
tensor:

2 Sy
Ty = ———— L, 1.
Y Vg og (150

Therefore, the complete field equations of General Relativity are

1
Ry = 59 R = 87 T (1.57)

1.4 The Schwarzschild Solution

The first exact solution of General Relativity was derived by Karl Schwarzschild a few
months after the presentation of General Relativity [149]. The Schwarzschild Solution
describes the gravitational field around a spherical, static and non rotating mass dis-
tribution. The solution is very important since it describes, with high accuracy, slowly
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rotating astrophysical objects such as black holes, stars and planets. The most general
form for the metric of a spherically symmetric and time dependent spacetime is the
following:

ds? = —eATN A2 4 BONA? 4 2075 dt dr + 12PN (d62 + sin20dp?) . (1.58)

We may eliminate the unknown function in front of the angular part of the metric by
redefining the radial coordinate as 1’ = ref/2. The metric then yields:

ds* = —eAr0d + BP0y 4 2¢57 At dr + 2 (462 + sin® 0 dip?) (1.59)

where, for simplicity, we have ignored the primes. By redefining the time coordinate as:

dt' = 5" (eA(r’t)dt _ et dr> , (1.60)

we may eliminate the cross term:
ds? — —e—ACOHHEY) g2 | (eB(r,t’) 1 6—A(r,t’)+A(r,t’)> dr® + 12 (d6° + sin? 0 dp?) | (1.61)
Finally, by defining two new A and B functions in the place of the complicated coefficients

in front of the terms dt? and dr? and by ignoring again the primes, we find that the
metric takes the simplified form:

ds? = —eArD g2 4 BUD gp? 4 2 (d6* + sin® 6 d?) . (1.62)

Substituting the above metric into Eq. (1.8) we find that the non trivial components
of the Christoffel symbols are the following:

1. 1 1 ~
Fit = 5"47 Fir - §A/7 F:'r = 56B_AB?
1 1. 1
F:ﬁ‘t = §6A_BA/ F:r = EBv F:’r‘ = §B/’
1.63
o r B E (1.63)
Fr@ = ;7 96 = —re ) F’r‘(p - ;?
0
I, = —re Psin? 0, Ffw = —sinf cosb, Fge = %.
Sin

In the above equations, the prime denotes differentiation with respect to the radial
coordinate r, while the dot denotes differentiation with respect to the time coordinate
t. Using the components of the Christoffel symbols we may find the non-vanishing
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components of the Ricci tensor:

1 .. . .. 1 4

Ry ==~ (—ZB - B*+ AB) + —eAP <2A” + A% - A'B + —A’) (1.64)
4 4 r

R :¥&AQB+BLJB>—1QAWJW—AE—ER (1.65)

| 4 r '

1.

Ry, = ;B (1.66)
1

Rop = e P (rB' —rA' = 2) +1, (1.67)

Ry, = Rpp sin” 0. (1.68)

The Schwarzschild solution is a vacuum solution, so, we set T}, = 0 in Einstein’s field
equations (1.57). However taking the trace of the field equations we find R = —877" and
since T' = 0 we also have R = 0; thus the vacuum field equations are R,, = 0. From
the equation Ry, = 0 we find B = 0. Substituting B = 0 in the components of the Ricci
tensor and taking the time derivative of the equation Rgy = 0 we find (A)’ = 0. These
two equations may be easily integrated to yield:

B(r,t) = B(r), (1.69)
A(r,t) = A(r) + F(t). (1.70)

Thus, the first term of the metric is —eA™eF®dt2. However, since we can always define
a new time coordinate, we can absorb the time function inside a new time coordinate

dt' = e/2 As a result, the metric takes the following form:
ds® = —edt? + PO dr? + 12 (d6? + sin® 0 dy?) (1.71)

where again, for simplicity we are neglecting the primes. We observe that a spherically
symmetric spacetime is always static.

We may easily calculate the components of the Ricci tensor for the new metric (1.71)
by setting A = B = 0 in Eqs. (1.64-1.68). Taking the combination —e 4 Ry;—e 2R, =0
we find A" + B’ = 0 which is integrated to give:

A(r) = =B(r) +¢, (1.72)

where ¢ is an integration constant. In order to find the value of the constant ¢ we
have to implement the boundary conditions for our solution. The spacetime far away
from a local object is the Minkowski spacetime of Special Relativity. This property is
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known as asymptotic flatness. Therefore as the radial coordinate approaches infinity
grr &= —¢gy =~ 1 or equivalently A ~ —B =~ 0, thus, the integration constant is ¢ = 0.
Substituting Eq. (1.72) (with ¢ = 0) into the equation Ryy = 0 we find (reA), = 1 which

may be easily integrated to

a_q_¢ 1.73
A=1-, (1.73)

where a is an integration constant. In order to find the value of the integration constant
we will use again the boundary conditions. In the previous section we showed that at
the weak field approximation the (¢¢) component of the metric tensor is gy = —1 — 29,
where @ is the Newtonian potential. For a spherical symmetric mass distribution with
total mass M the Newtonian potential assumes:

O(r) = ——. (1.74)

Thus, we may identify the integration constant as a = 2M. Finally, the metric for the
Schwarzschild solution has the following form:

2M oM\
ds? = — (1 - T) dt* + (1 — T) dr? + r? (d92 +sin® 0 dy?) . (1.75)

Our analysis above agrees with the Birkhoff theorem. This theorem is a uniqueness
theorem which states that in General Relativity the only spherically symmetric solution
of the vacuum field equations is the Schwarzschild solution [157-160, 175].

An interesting property of the Schwarzschild solution is that the g, component of the
metric vanishes at = 0 and diverges at r = 2M. Singe |gy| = 1/g, at these two values
of the radial coordinate, the g;; component also has an ill-defined behavior. This strange
behavior may indicate pathological regions of the spacetime known as singularities or
may be attributed to a bad choice of the coordinate system. Since the components
of the metric are coordinate dependent, in order to identify a singularity we need to
examine the coordinate invariant quantities i.e. the scalar quantities. Using the Riemann
tensor we may construct three fundamental scalars: the Ricci scalar R, the square of
the Ricci tensor R, R and the square of the Riemann tensor R, ,, R’ also known
as Kretschmann scalar. The vacuum field equations are R,, = 0, as a result the Ricci
scalar and the square of the Ricci tensor are vanishing identically for the Schwarzschild
solution or any other vacuum solution. The calculation of the Kretschmann scalar leads

to:
A8 M?

}%uupo —
T6

. (1.76)

}%MVpU

Since the above quantity diverges only at r = 0, the true singularity at the Schwarzschild
metric is there. The divergence of the metric at » = 2M indicates that the coordinate
system we use is pathological there and by using a different system we may bypass this
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apparent singularity. However, as we will see in the following paragraph, the radius
rs = 2M —which is known as Schwarzschild radius— has very interesting properties.
We have mentioned that the Schwarzschild solution may describe the geometry on the
exterior of a non-rotating and spherically symmetric astrophysical object like stars and
planets. However for these objects we do not need to worry about the singularity or the
Schwarzschild radius because they are located in the interior of the object. For example
for the earth the Schwarzschild radius is ry = 9 mm while for the sun is r, = 3 Km.
In the interior of the object we solve the field equations using, for any kind of object,
the appropriate form for the energy momentum tensor. The system of the differential
equations that describe the interior of an object is known as Tolman-Oppenheimer-
Volkoft (TOV) [176,177]. Then we find the inner solutions which are not described
by the Schwarzschild solution and thus do not have horizons or singularities. The two
solutions, the TOV inner solution and the Schwarzschild exterior solution, are joined at
the surface of the object using the appropriate junction conditions.

In order to investigate the properties of objects with radius r < 2M we will focus
on the geodesics of the Schwarzschild solution and especially the null curves. Photons
travel in null curves with ds? = 0 and we will consider the case of the radial null curves
i.e. @ and ¢ are constants thus df = dy = 0. Setting ds? = df* = dyp? = 0 in the metric,

we find
oM\ !
ﬂ =4 (1 — —) ) (1.77)

dr r

The above equation defines the slope of the light cone in a (¢ —r) spacetime diagram. At
spatial infinity the slope is £1, as in the Minkowski spacetime. This agrees with the fact
that the Schwarzschild solution is an asymptotically flat solution. As we approach the
Schwarzschild radius (from the infinity) the angular range of the light cone decreases,
while at » = 2M vanishes. This means that a light ray moving from infinity to r = 2M
never seems to reach the horizon and instead it is asymptotically approaching it. In
other words a light ray, as observed from a lab at infinity, needs infinite time to arrive
at the Schwarzschild radius. Of course this is happening due to the bad choice of the
coordinate system and we may fix it by using the appropriate coordinate system. The
surface r = 2M while it seems locally regular it has many interesting properties. In
the region r < 2M the signs in Eq. (1.77) are reversed and so the interpretation of
the coordinates also changes, the time coordinate becoming space coordinate and vice
versa. In this case any particle, even photons, cannot escape to infinity, instead it is
forced to move towards the singularity. This means that all the matter in the region
r < 2M is located at one point, at the singularity at » = 0. Due to the fact that from the
region with r < 2M particles cannot escape to infinity, this region is called a black hole.
The surface which is defined from the Schwarzschild radius » = 2M and determines the
boundary of the black hole is called event horizon or just horizon of the black hole since
it “covers” the singularity. Once a particle crosses the horizon it is doomed to fall in the
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singularity. Thus, an observer at infinity may detect/observe the horizon but not the
singularity.

The Schwarzschild metric is well behaved only in the r > 2M region of the black
hole. At the horizon the metric diverges while in the region r < 2M the time becomes
spacelike while the radial coordinate becomes timelike making the interior of the black
hole dynamic. These problems may be easily bypassed by adopting the so called Kruskal-
Szekeres coordinates:

~ 1/2
i— (ﬁ . 1) e/ MM ginh (ﬁ) , (1.78)
1/2 ¢
7= (ﬁ - 1) e"/*M cosh (m) ) (1.79)
(1.80)

) 1/2 /

i = (1 - ﬁ) e"/*M ginpy (M) , (1.81)
1/2 '

T = (1 - ﬁ) "M cosh <m) ) (1.82)

in the region r < 2M. In terms of the new coordinates the Schwarzschild solution takes
the following form:

_ 32M°
N T

ds?

e (—di + di?) + 72 (d6? + sin® 0 d?) . (1.83)

From the above metric, we observe that in the new coordinate system the divergence
at the horizon is removed while the divergence at » = 0, as a true singularity, remains.
Using the definition of the Kruskal-Szekeres coordinates Eqs. (1.78)-(1.82) we find their
relation with the Schwarzschild radial coordinate:

2 =2 (1 T\ ri2m

2= (1 2M>e . (1.84)
Setting ds?> = 0 in Eq. (1.83) we find that the radial null curves obey the differential
equation dt/di = +1. The slope of the light cone remains everywhere constant and
as in the Minkowski spacetime the photons move along the curves ¢ = +7 + constant.
In addition, setting r = 2M in Eq. (1.84) we find that the horizon of the black hole
in Kruskal-Szekeres coordinates is at the curve ¢ = +7. From Eq. (1.84) we also
find that surfaces with constant r are given by the equation #* — 72 = constant while
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Singularity, =0

Singularity, =0

Figure 1.1: The Schwarzschild solution in the Kruskal-Szekeres coordinates.

from the definition of the coordinates we find that surfaces with constant ¢ are given by
t = 7tanh (t/4M). Likewise we may verify that the allowed region of the new coordinates
is —0o < 7 < oo and 2 < 72 + 1. Finally the singularity » = 0, in Schwarzschild
coordinates, corresponds to two singularities t = £1/72 4+ 1 while the asymptotic region
r > 2M corresponds to two asymptotic regions in the new coordinates: 7 > |f| and
7 < —|t|. The explanation for this is that the Schwarzschild coordinates cover only a
part of the Schwarzschild spacetime. However, using the transformations (1.78)-(1.82)
we managed to maximally extend the Schwarzschild solution in order to cover all of the
spacetime.

We may draw the Schwarzschild spacetime in the Kruskal-Szekeres coordinates in a
t — 7 diagram as in Fig. 1.1 which is known as the Kruskal diagram. The region I in
Fig. 1.1 corresponds to the exterior region r > 2M of the Schwarzschild solution. Thus,
it is the asymptotically flat space time around the spherically symmetric black hole. An
observer who falls freely and radially will eventually cross the horizon (the curve ¢ = 7 in
the diagram) and reach region II of the Kruskal diagram. At this point he is doomed not
only to stay in region II, but to fall into the singularity ¢ = /72 + 1. Any information
(emitted from the observer) heading to region I, even if it is constituted by photons, it is
doomed to return and hit the singularity. For this reason, the region II corresponds to the
black hole. However, apart from the regions I and II, due to the maximall extension, the
Kruskal diagram contains two more regions. The region III is characterized by exactly
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the same properties with the region II but in a “time reversed” way. This means that
any observer in the region III emanates from the second singularity f = —/72 + 1 and is
forced to come out of it. The region III emits particles from its singularity and for this
reason it is called a white hole. Finally, the region IV is an asymptotically flat region
similar to the region I but is located on the other side of the horizon r = 2M. Particles
from region IV cannot travel to our region I nor particles from our region may travel
there.

1.5 The Schwarzschild (Anti-)de Sitter Solution

In classical physics, the Euler—Lagrange equations are invariant under a constant shift
in the Lagrangian £ = £ + C. In other words, in classical physics we do not care
about the exact value of the energy of a body’s state, but about the energy variation
between the initial and the final state of the body. However in General Relativity the
field equations are not invariant under a similar shift in the Lagrangian. The constant C
will couple with gravity through the term /—¢ and will contribute to the field equations.
This property indicates that we should include in the field equations the contribution
of a vacuum energy which is the energy density of the empty space. Although the
contribution of the vacuum energy is negligible in local experiments, in cosmological
scales is significant. The last 20 years, cosmological measurements indicate that the
expansion of the universe is accelerating. This accelerating expansion may be attributed
to the presence of a constant and positive vacuum energy density. For historical reasons,
the contribution of the vacuum energy in general relativity is introduced through the so
called Cosmological Constant A. The action of the General Relativity is modified as

S:/d4x\/—_g [16% (R—2A) + L | | (1.85)

which lead to the generalized field equations

R, — %g,ﬂ, R+g,AN=8rT,,. (1.86)

Since the vacuum energy is related with the cosmological constant as p, = A/8w, a

positive vacuum energy is equal to a positive cosmological constant. Therefore the
accelerated expansion of the universe is ascribed to a positive cosmological constant.

We already mentioned that the contribution of the cosmological constant is negligible

for local experiments. However, we may construct black-hole solutions in the presence

of a cosmological constant. These solutions are joined with a cosmological background

at infinity which is created by the cosmological constant, instead of the non-realistic

Minkowski spacetime. In order to find the black hole solutions we first need to find the
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matter-vacuum, i.e. 7, = 0, field equations. Taking the trace of Eq. (1.86), we may
express the Ricci scalar as R = 4A — 87T Thus we may rewrite Eq. (1.86) as

1
R, — g\ =87 (TW — §gu,,T> , (1.87)

and the matter-vacuum equations are:

H, =R, —g.,A=0. (1.88)
For simplicity, we have defined the vacuum equations as H,, = 0. As in the case of
the Schwarzschild solution, we use a static and spherically symmetric form for the line
element:

ds® = —e*"dt* + PO dr? + 2 (d6? + sin® 0 dp?) . (1.89)
The components of the Ricci tensor for the metric (1.89) are given in Egs. (1.64)-(1.68)
with A = B = 0 . Taking the combination —e 4 Hy; — e BH,, = 0 we find A’ + B’ =
which is integrated to:

A(r)=-B(r)+c, (1.90)

where ¢ is an integration constant. In order to find the value of the constant ¢ we have
to implement the boundary conditions for our solution. The spacetime far away from
the black hole will be the (Anti-)de Sitter cosmological spacetime [157-160]

A AN\
ds® = — (1 — 57"2) dt® + (1 — §r2> dr? + r? (d92 + sin? 9dg02) , (1.91)

which describes an evolving universe in static coordinates. Therefore, since the spacetime
is asymptotically (Anti-)de Sitter at infinity we have 1/g,, = —gy or equivalently A ~
— B, thus the integration constant is ¢ = 0. Substituting Eq. (1.90) (with ¢ = 0) into
the equation Hyy = 0 we find (TGA + TSA/S)/ = 1 which may be easily integrated to give

a A,

Sl e ——

3 (1.92)

where «a is an integration constant. As in the case of the Schwarzschild solution, we may
identify the integration constant as a = 2M. Therefore, our solution takes the following
form:

2M A 2M A
ds® = — (1 -3 ) dt’+ (1 — T ) dr*+r* (d9® + sin® 0 dp®) . (1.93)
r r

The above solution is known as Schwarzschild-(Anti-)de Sitter [178,179] and describes a
static black hole in the cosmological backround of a universe filled with a cosmological
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constant. The asymptotically de Sitter solution corresponds to a positive cosmological
constant while the asymptotically Anti-de Sitter solution to a negative one.
By calculating the square of the Riemann tensor

48 M2 . 82
76 3

Ry pe R = (1.94)
we easily verify that the Schwarzschild (Anti-)de Sitter spacetime has a black hole sin-
gularity at » = 0 while it has a constant curvature at infinity R, ,, R**° ~ 8A%/3. For
an asymptotically de Sitter black hole with A > 0, the equation 1/g,. = 0 may have two
positive roots. In terms of the roots we may rewrite the components of the metric as

A
92| = 1/grr = 5(7”—7”h)(7‘c—7“)(7”+7’c+7"h)7 (1.95)
with .
X = (Tc + 7"h)2 — TcTh, and T = (Tc + Th)T’CTh. (1.96)

The r}, corresponds to the horizon of the black hole while the r. corresponds to the second
root which is known as the cosmological horizon. Due to the accelerated expansion of a de
Sitter universe, the speed at which a very distant object moves away from our reference
point will eventually effectively exceed the speed of light. Thus, after some time we
will not be able to detect light signals emitted from this object. The cosmological event
horizon determines the largest distance from which light emitted now from an object can
ever reach our reference point in the future. For an asymptotically Anti-de Sitter black
hole with A = —|A|, the equation 1/g,, = 0 may have only one root. In terms of this
root we may express the metric as

A
’gtt‘ = 1/97“1“: %(T—?"h)(TQ—FThT—f—B), (197)
with = 6M/(|A|ry) and

) 1/3
. (—3/\ M \/ONTDME + |A|3>

/3
(~382M + /SKTIZ+TAF) [A]

The Anti-de Sitter solution cannot describe an accelerated expanding universe thus is
ruled out as an invalid cosmological model. However the last years, the Anti-de Sit-
ter (AdS) spacetimes have been proved very important due to their application in the
AdS/CFT (Conformal Field Theory) correspondence [180-182]. In this, the physics in
an Anti-de Sitter spacetime is considered to be holographically equivalent to the physics
in a flat spacetime of one less dimension [183-187].

(1.98)

T =
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C

Figure 1.2:  (a) An intra-universe wormhole which connects two distant regions of
the same asymptotically flat universe. This figure was constructed by a similar figure
from [159]. (b) An inter-universe wormhole which connects two distinct asymptotically
flat universes.

1.6 Wormbholes in General Relativity

A wormhole is a solution of the Einstein’s field equations which has the property to
connect two distant regions in spacetime [139]. A wormhole may connect two distant re-
gions of our universe (intra-universe wormhole) or two different universes (inter-universe
wormhole). The difference between the two kinds of wormholes is depicted in Fig. 1.2.
However, this difference is topological. An observer who makes measurements near the
wormbhole cannot identify the class of the wormhole. The first wormhole solution, known
as Einstein-Rosen Bridge, was found by Einstein and Rosen at 1935 [188]. The Einstein-
Rosen Bridge was constructed as a geometrical model for the electron and other elemen-

tary particles. This wormhole solution may be easily constructed from the Schwarzschild
black hole

2M oM\
ds? = — <1 — —) dt® + (1 — —> dr? + r* (d9? + sin® 0 dp?) . (1.99)

r T

By making the coordinate change u? = r — 2M the Schwarzschild solution takes the
form:

u2

ds? = ——
° u? 4+ 2M

di? + 4 (u? + 2M) du? + (u? + 2M)° (d6? + sin® 6 d®) . (1.100)
The allowed region of the new coordinate u is —oo < u < +o00. The circumferential
radius, i.e. the coefficient in front of the angular part of the metric, is R, = (u? + 2M)
and has a minimum at u = 0 with R.(0) = 2M. The throat is a property of a wormhole
and is located at the minimum of the circumferential radius.

The Einstein-Rosen wormhole is constructed by a coordinate transformation. How-
ever, the coordinate u is a bad coordinate which covers only a part of the black-hole
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geometry. Actually, the coordinate transformation discards the interior region of the
black hole r € [0,2M) and double covers the exterior region r € [2M, +00). Therefore,
the Finstein-Rosen Bridge is not an actual wormhole, instead it is a “disguised” black
hole. There are some serious problems with the Einstein-Rosen wormholes: First of all,
Einstein-Rosen bridges are one-way wormholes. The throat of the wormhole is located
at r = 2M which is also the location of the horizon of the black hole. However in order
to travel through the wormhole we need to cross the horizon which is an one-way surface.
A possible exit would be a white hole but we know that white holes are unstable objects;
under a small perturbation they collapse to black holes [189]. Thus, if one crosses the
horizon, he is trapped inside the black hole and is forced to hit the singularity. Actually,
the aspiring traveler should not worry so much about the interior of the black hole. The
huge tidal forces near the wormhole would rip apart the traveler way before he reaches
the throat. As Matt Visser states “If you discover an Finstein-Rosen bridge, do not
attempt to cross it, you will die. You will die because you are jumping into a black
hole” [139]. Finally, the interior of the black hole is dynamic. Even if we suppose that
the Einstein-Rosen bridge exists, its throat opens and closes so fast that even a photon
could not cross it. The second work in this direction was made by Wheeler in 1955 with
the construction of the geons (gravitational-electromagnetic entities) [190,191] which are
solutions of the Einstein-Maxwell coupled system. The metric for a geon is everywhere
flat except for two widely separated regions which are connected with a wormhole-like
structure. The geons were constructed as models for electrical charges and particle-
like entities. In modern language, the geon is an unstable gravitational-electromagnetic
quasi-soliton i.e. a particle-like solution. The main problem with the Wheeler worm-
holes, apart from their stability, is their size. A typical size for a geon is of the order of
the Planck length.

All the aforementioned wormholes have serious problems which made them unre-
alistic. However, a work by Morris and Thorne established the foundations for the
modern wormhole physics [140]. The usual way for the derivation of a solution in Gen-
eral Relativity is to choose a form for the energy-momentum tensor and then to solve
the differential set of the field equations in order to find the metric. Morris and Thorne
instead, adapted an engineering-like technique. They started from a metric which de-
scribes a traversable wormhole and by solving the Einstein field equations in the reverse
direction they determined the form of the associated energy-momentum tensor. Then,
if one knows the form of the matter distribution which supports the solution and the
characteristics of the metric, one could theoretically build the wormhole or search in the
sky for astrophysical wormholes. For simplicity, Morris and Thorne also assumed that
the wormholes are static, non-rotating and spherically symmetric. In order to construct
traversable wormholes they used the following metric:

b -1
ds? = —e2dt* + (1 — ﬁ) dr? + r? (d(?2 + sin? 9dg02) . (1.101)

r
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The above metric must obey everywhere the Einstein’s field equations. Since every
wormhole possesses at least one throat, the first condition we should impose in the above
metric is the existence of the throat. In this coordinate system the location of the throat
is determined from the equation 1/g,, = 0, thus 3ry : b(rg) = 9. This definition of the
throat is very similar with the definition of the Schwarzschild radius and the horizon
of a black hole. In order to ensure that our wormholes do not possess horizons nor
singularities and thus are traversable in both directions we demand that g, is everywhere
non-vanishing and finite or equivalently that the metric function ¢(r) is everywhere
finite. The coordinate system covers two asymptotically flat regions —oo < r_ < —rg
and rop < r. < oo which are joined at the throat ry. In addition, in order to ensure
asymptotic flatness we demand:

r—1>11:1|:100 o(r) = T_l>1rjIE100 b(r) =0. (1.102)
Since the wormhole is asymptotically flat, we may find its mass from the expansion at
infinity. From the weak field analysis we found that |gy| = 1 + 2®, thus at infinity
lgie| = 1 — 2M /r, where M is the mass of the wormhole. We may easily eliminate the
divergence of the g,, component by using a coordinate transformation. For example using
the transformation r* = n? + r2 which covers both asymptotic regions n € (—o0, 00) the
metric takes the form:

ds* = —e™dt* + f(n)dn® + (n* + 75) (d0” + sin” 0 dp®) . (1.103)

Alternatively we may use the proper distance

- - |

dr_ [y o0 (1.104)

dr’ o
V1 =b(r")/r dl r’
as a radial coordinate, in terms of which the metric takes the form:
ds® = —e*Wdt* + dI* + r*(1) (d6 + sin® 0 d?) . (1.105)

In the above metrics the functions v(n), f(n) and ¢(l) are everywhere finite. Also, in
both metrics the throat is located at the minimum of the circumferential radius

d oo dr)

- =7 0. 1.1

As a final step, Morris and Thorne suggested that we should adjust the parameters
of the wormhole in order to made it traversable by humans. An observer should be
able to travel through the wormhole and safely return. The wormhole should be stable
under perturbations otherwise it would collapse as a traveler tries to cross it. Also
the acceleration that a traveler would feel should be comparable to the Earth’s gravity
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acceleration and the tidal forces should be small. Finally, a traveler should be able to
cross the wormhole in a finite and small proper time (Morris and Thorne demanded less
than a year).

In order to find the form of the energy momentum tensor we have to calculate the
components of the Einstein’s tensor. Using the metric (1.101) we find:

e
Gtt - 7, (1107)

2% —b(2r¢ + 1)
Gy = T (1.108)

F(2r (8 + 10”4 )~V (1 1)) — b(2°0" +2°6° + ) — 1)

G@@ = Sin2 0 GWP = o

(1.109)

The above equations are rather complicated. However, we may simplify our analysis by
changing the reference frame as é; = L/'é,, with

b 1 1
L} = diag <e—¢, \V1—=, = — > . (1.110)
r°r rsinf

In terms of the above transformation the metric tensor assumes a Minkowski-like form
Jap = L&“Lé”gm, = 743, While the components of the Einstein’s tensor G5 = L;LBVGW

assume a simplified form:
b/

Gii = =5, (1.111)

b b\ o
fo:—ﬁ—l-Q(l——) —, (1112)

T T

Gip = Gop = (1 - g) {qb” + ¢’ ((b' + %)} — Q%[b’r —b] (gb’ + %) : (1.113)

For a spherically symmetric spacetime, the more general form of the energy momentum
tensor is Ty = p, Ty = —7, and Ty; = Ty, = p. With p we denote the energy density,
with 7 the radial tension and finally with p the transverse pressure. Substituting in the
Einstein’s field equations G, = 87T}, we may find the form for each one of the above
quantities. However, the fact that we have found the form of the energy momentum
tensor does not mean that it is indeed physically acceptable. By taking the combination
of the (t,t) and (r,r) equations we find:

8m(p—71) = < le%’ (1 — 9)],. (1.114)

r T
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Since the circumferential radius r(/) has a minimum at the throat its second derivative
near the throat should be positive, thus

&2r  d (dr dr d (dr 1d | /dr\?] 1 b\’
ﬁ‘ﬂ(%)‘%%(ﬁ)‘?%[(ﬁ)]_5(17)>0' (1.115)

Therefore, from Eq. (1.114) we deduce that near the throat of the wormhole
p—1<0. (1.116)

However this combination appears in the Null Energy Condition which states that
T,,n*n” > 0 for any null vector n#. A null vector is defined as the vector which obeys
the equation g,,n#n” = 0. For a spherically symmetric energy momentum tensor the
Null Energy Condition takes the explicit form p — 7 > 0 and p + p > 0. Therefore from
Eq. (1.116) we conclude that near the throat of a traversable wormhole the Null Energy
Condition is violated. The only way to construct a traversable wormhole and to keep its
throat open is to use some kind of exotic matter, i.e. matter which violates the energy
conditions, near the throat. In other words, one need to seek for wormholes in theories
beyond General Relativity.

1.7 Modified Gravitational Theories

Although General Relativity is well tested, it is known that is not a perfect theory.
The motivations for the modifications of the General Relativity are mainly cosmolog-
ical. The Standard Model for Cosmology has many open problems, like the nature of
the dark energy and dark matter, the accurate model for the inflation or the initial
singularity problem. All the above, together with theoretical reasons such as the non-
renormalizability of the General Relativity, motivate the need for modified gravitational
theories.

The usual way to modify gravity is through the modification of the Einstein-Hilbert
action

g / § {ﬁ R(g) — 2A] + Lar (s )| (1.117)

where with ¢; we denote the matter fields. The first thing that one would do in order to
modify gravity is to allow the graviton to has a mass m,. These theories are known as
Massive Gravitational theories. The first Massive Gravitational theory was presented by
Fierz and Pauli in 1939 [193]. This theory failed to reproduce the General Relativity as
a mg — 0 limit and also was containing unstable problematic degrees of freedom known
as ghosts [194,195]. Many other Massive Gravitational theories have been proposed
after the work of Fierz and Pauli [196-198]. However, the first Ghost Free Massive
Gravitational theory was proposed in 2011 by de Rham, Gabadadze and Tolley, a theory
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Figure 1.3: A roadway to the modified gravitational theories. This figure is inspired
from a similar figure in [192].

known as dRGT theory [199-205]. Another way towards the modification of gravity
is to break the assumptions of General Relativity. The most known theories in this
direction are the theories with extra spacetime dimensions like the Kaluza-Klein theory,
the Lovelock theory or the String theory [206-217]. Also the General Relativity may
be modified by breaking the Lorentz invariance [218-224] or by non-local theories which
include inverse powers of the Laplacian operator (V2 = ¢#*V,V, ) in their action like the
term R%R [225-232]. Furthermore, a class of theories which are very popular the last
years are the torsion theories in which the field equations of General Relativity may be
described using the torsion instead of the curvature [233,234]. The last way to modify
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1.7. Modified Gravitational Theories

gravity is the addition of extra fields in the theory. Since all the fields that carry energy
couple minimally with gravity (through the term L), in the action (1.117)), an extra
field which modifies gravity should result to extra propagating degrees of freedom in the
spectrum of the gravitational waves; otherwhise it is just a matter field. The extra fields
may be tensors, vectors or scalars [235]. In tensor theories there are two (Bigravity) [236]
or more (Multi-Gravity) [237] interacting metric tensors in the theory resulting to the
existence of two or more spin-2 particles. The vector theories, also known as vector-
tensor theories, contain one or more vector fields coupled with the gravitational field.
The most simple vector theory is known as Proca theory [238] and contains the kinetic
term of a vector field F),, F*” defined as F),, = 0,4, — 0,A, and a mass term for the
field MiAz. Also the most general vector theory with second order equations of motion
is known as Generalized Proca theory [239-242] while the theories with higher order
equations are known as Beyond Generalized Proca [243,244]. The scalar theories, also
known as scalar-tensor theories, contain scalar fields interacting with the gravitational
field. Like the vector theories we have two major classes of scalar theories, the Horndeski
theory [53] which is the most general scalar theory with second order equations of motion
and the Beyond Horndeski theories with higher order derivatives [245,246], also known
as Degenerate Higher Order Scalar Tensor (DHOST) theories. There also exist theories
which contain both scalars and vectors. These theories are known as Tensor-Vector-
Scalar theories (TeVeS) [247,248]. In Fig. (1.3) we depict the roadway for the modern
modified gravitational theories.

The most simple and most studied modified theories of gravity are the scalar tensor
theories. One of the first scalar tensor theories that appeared in the literature is the
Brans-Dicke theory [249] which consists of a scalar field non minimally coupled with the
gravitational field:

167 ¢7T

where ¢, is the scalar field, w is a coupling constant and U(¢,) is the potential of the
scalar field. In this theory, the scalar field generates an effective and varying Newton’s
constant through the relation G(¢,) = 1/¢,. From the variation of the above action
with respect to the metric g,, we may derive the field equations while by varying with
respect to the scalar field we may find the scalar equation. However, we may simplify
our analysis by performing a conformal transformation which removes the non-minimal
coupling [157,250]. Using the following transformation of the metric g,, = ¢~g,, the
action takes the form:

1 - 11 - = U
oA (1 9] oo )

s— L [ g y=g (@R W, U(¢W)) , (1.118)

1/2
By redefining the scalar field as d¢ = [% (9 + 3)} do,, the action takes the simpler
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o $=1o- / d*z/—§ (R——vmvw V(¢)> (1.120)

where we define the new potential as V' = U/¢2. Since the Einstein’s equations take
on their conventional form in the above frame, it is usually called the Einstein frame.
The initial frame with the non-minimal coupling and the metric g,, is called Jordan
frame. Note that the above action does not contain a matter term. If we want to include
a matter term in the Einstein frame we should take into consideration the conformal
transformation in the calculation of the energy-momentum tensor:

Far _ L 0Su _ 1 99 0Sm
py T / 591“’ - /_g 891111 5gaﬁ -
Also, using a similar method we find the contribution of the matter term in the scalar
equation:

| bn. (1.121)

OSu _ 09" 08w _ _ 1 dbn r—opm
00 0¢ 6g°° 20 do
where T™ is the trace of the energy momentum tensor. Finally, the variation of the full

action with respect both to the metric and to the scalar field leads to the following field
equations:

(1.122)

G =T7, + 8T, (1.123)
where the effective energy-momentum tensor is defined as
. 1~ -
19, = =V, oV, — g/w (§V,,¢V% + V(gb)) . (1.124)
The scalar field equation has the following form:
~ dav. 1 doy ~
2 ™M
- = 1.12
v'e do 2qz5 do (1.125)

While the field equations in the Einstein frame look like the classical General Relativity
sourced by a scalar field, we should not forget that we started from a modified gravi-
tational theory. A test particle will move along geodesics of the Jordan frame metric
guv which in general are different from the geodesics of the conformal metric g, on
the Einstein frame. The Brans-Dicke theory is very useful in the investigation of the
inflation and as a dark energy model as well [251-255]. The first Brans-Dicke theory
that appeared in literature which had no potential U = 0 is experimentally excluded
as w > 40000 [10,256]. However, theories with a potential or even with a cosmological
constant seem to still be valid [251,257-260]. Also, it is useful in the understanding
of the f(R) theories since by doing an appropriate conformal transformation the f(R)
theory reduces to an equivalent Brans-Dicke theory [261-264].
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1.8. The No-Scalar-Hair theorem

Finally, we have already mentioned that the most general scalar-tensor theory in four
dimensions and with second order equations of motion is the Horndeski theory [53]. This
theory was constructed in 1974 by Horndeski and rediscovered in 2011 in the framework
of the Generalized Galileon theory [78,265,266]. As shown by Ostrogradski [267], the
significance of the construction of a theory with second order equation of motion is that
it does not contain problematic ghost states [268,269]. Using the modern formulation of
the Generalized Galileons, the Horndeski theory may be expressed as:

5
Zﬁi(guua¢) + ‘CM(guwwi) ) (1126)

1=2

S:/d4x\/—_g

where we assume that as usual the matter field are coupled minimally with the gravita-
tional field. The four Lagrangians in the sum have the following form

Ly =Go(¢, X), (1.127)
L3 =G3(¢, X)V? 0, (1.128)
Ly =Gy(¢, X)R+Gux [(V?¢)? = (V. V,0)*], (1.129)

L5 =G5(¢, X)GW V"V $ — éGM [(V?9)® = 3(V?¢)(V, V, ¢)*

+2(V, V*9) (Va V¥ ) (V,V*0)], (1.130)

where G; are functions of X and ¢, X = V*¢V,0/2 and G; x = 0G,;/0X. Horndeski
theory includes the General Relativity (G4 = 1, Gy = G3 = G5 = 0), and the Brans-
Dicke- f(R) theories (Gy = —wX/¢p—V(¢), Gy = ¢, G3 = G5 = 0) as well as many other
scalar-tensor theories as special cases [270-276]. Except for the Horndeski theories, the
last years have appeared many other ghost-free theories like the Degenerate Higher-
Order Scalar-Tensor (DHOST) theories [277,278] or the Extended Scalar-Tensor (EST)
theories [279)].

1.8 The No-Scalar-Hair theorem

One of the most interesting properties of the black-hole solutions in General Relativity is
their uniqueness and simplicity: black holes are uniquely determined only by three phys-
ical quantities (mass, electromagnetic charge and angular momentum). No-Hair theo-
rems, which forbid the association of the GR black holes with any other type of conserved
“charge” , were formulated quite early on. The first No-Hair type theorem that appeared
was Birkhoff’s theorem [157-160,175,280,281] which states that the Schwarzschild solu-
tion is unique. In other words, the only spherically symmetric black hole in vacuum is
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the Schwarzschild one and the only conserved “charge” of this solution is the mass. The
Birkhoff’s theorem may be extended in the case of the presence of an electromagnetic
field. In this case, the only spherically symmetric black hole is the Reissner—-Nordstrom
one and the associated conserved charges are the mass and the electromagnetic charge.
Finally, in the case of rotating black holes no-hair theorems were formulated by Carter
and Robinson [282-285] and also by Hawking [286]. These theorems state that the only
axisymmetric black hole is the Kerr-Newmann® one which has the mass, the electromag-
netic charge and the angular momentum as conserved charges. All the other information
about the object which collapsed to a black hole (or about an object falling into the
black hole) disappears permanently behind the horizon.

Even in the case of the scalar-tensor theories, No-scalar Hair theorems were proposed
which made difficult the derivation of new black-hole solutions in these theories. The first
No-Scalar-Hair theorem was developed by Bekenstein in 1972 [12] [13] in the framework
of a scalar-tensor theory with a non-minimally coupled scalar field

1

5= Ton

1
/d4x\/—g (R - §VM¢V”¢ — V(gb)) : (1.131)
In order to derive the No-Scalar-Hair theorem we use the scalar field equation
V2 —V =0, (1.132)

where V = dV/d¢$. We assume that there exists a spherically symmetric and asymptot-
ically flat black hole in the theory which possesses scalar hair. We also assume that the
scalar field has the same symmetries as the spacetime i.e. ¢(z*) = ¢(r). Multiplying the
scalar equation with ¢ and integrating from r;, up to infinity we get

/ TV (Ve v+ ov) - [VgevrelT = o. (1.133)

Th

The boundary term may be written as \/—gg™" ¢¢’ and vanishes in both boundaries since
g"" = 0 at the horizon and for an asymptotically flat spacetime ¢(r) = constant at
infinity. The first term in the integral is V,¢ V¥¢ = ¢g""¢* and is positive definite since
g"" is positive everywhere outside the horizon. Thus the integral in the above equation
vanishes only if

oV < 0. (1.134)

However, for many realistic potentials like a mass term V = m?2¢?/2 the combination
OV = m2¢? is positive. Therefore in these cases, the only spherically symmetric solution
is the Schwarzschild which is accompanied with a trivial (constant everywhere) scalar
field. In the previous section we showed that the Brans-Dicke theory and the f(R) theory

6Rotating black holes which do not have electromagnetic charge are known as Kerr black holes.
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1.8. The No-Scalar-Hair theorem

may be reduced to a scalar-tensor theory like the above using a conformal transformation.
Thus the No-Scalar-Hair theorem may be easily generalized in order to cover both the
Brans-Dicke theory and the f(R) theories [287,288]. The above theorem is known as the
Bekenstein’s old No-Scalar-Hair theorem.

The old No-Hair theorem does not exclude all possible potentials. As a result, soon
after its derivation new solutions for black holes were found in scalar-tensor theories
[14-21]. Therefore, in order to construct a more general theorem, Bekenstein developed
the novel No-Scalar-Hair theorem in 1995 [22]. This novel theorem was constructed in
the framework of the following scalar-tensor theory:

S = /d4x\/—g R+ E(T,F,K)], (1.135)
where the quantities J, F and K are defined in terms of two scalar fields x and ¢
J=0,x0x, F=0,00"p and K =0,x0". (1.136)

The energy momentum tensor for the above theory is

y L 508 y o€ y o€ 5 ”

Bekenstein assumed again that an asymptotically flat and spherically symmetric black
hole exists in the theory and also that the scalar field has the same symmetries with
the spacetime. Also he assumed that the quantity £ is identified with the local energy
density as measured by an observer which moves in a geodesic curve and thus it should
be positive. Then, by examining the sign of the 7] component of the energy momentum
tensor as well as the (7)" using the conservation equation V,T*” = 0 he found that

e near the horizon of the black hole 77 < 0 and (7))’ < 0,
e while at infinity 77 > 0 and (7))’ < 0.

The above behavior indicates that there is a region [r,, r.] ~between [r}, 00) —in which the
T component changes sign with (77)" > 0. However, using the Einstein’s field equations,
Bekenstein showed that both 77 and (7))’ remain negative in the whole [ry, c0) region.
Thus, there is no way for the horizon and an asymptotically flat region to be smoothly
connected. The only way to avoid this contradiction is the trivial vanishing of the
scalar fields ¢ and y. Therefore, even in this case, the only black hole solution is the
Schwarzschild one. As we will see in the next chapter, the novel No-scalar-Hair theorem
may be also evaded in the context of specific modified gravitational theories.
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1.9 The Einstein-scalar-Gauss-Bonnet theory

In this work, we will focus on a Scalar Tensor theory which is known as the Einstein-
scalar-Gauss-Bonnet theory. In this theory, the scalar field has a general coupling func-
tion f(¢) with the quadratic gravitational Gauss-Bonnet term defined as:

R = Rupo R — AR, R" + R?, (1.138)

in terms of the Riemann tensor R,,,,, the Ricci tensor R,, and the Ricci scalar R.
It may be shown that the Gauss-Bonnet term in four dimensions is a total derivative.
Therefore, the only way to make it contribute to the field equations is through a coupling
with an additional field. The Einstein-scalar-Gauss-Bonnet theory is thus described by
the following action functional:

1

S = Tom /d4x\/—_g [R — %auqs&“qwr f(®)RZ 5| (1.139)

The most attractive feature of this theory is that it belongs to the family of Horndeski
theories; the field equations are of second order and as a result, it avoids Ostrogradsky
instabilities or problematic ghost states. After some tedious and non-trivial calculations
we may show that the Horndeski theory with the following GG functions

Go=—X +8fHX%3-InX), (1.140)
Gs =4f®X (7 - 3In X), (1.141)
Gy =1+4fX(2-InX), (1.142)
Gs=—4fIn X, (1.143)

reduces to the Einstein-scalar-Gauss-Bonnet theory [78,289]. In the above equations
with the dots and the numbers at the superscripts we denote differentiation with respect
to the scalar field. Another attractive feature of the theory is that the special case with
f(¢) = aexp(Ap), where « is a coupling constant and A = +1 is a part of the low-
energy limit of theories with extra dimensions like the heterotic superstring theory [290].
The special case with the exponential coupling function is also part of effective theories
constructed from the Lovelock theory in four dimensions [291]. This special case, which
was the first that was studied, is known as Einstein-dilaton-Gauss-Bonnet theory since
the scalar field is identified with the dilaton field. Also, the special case with the linear
coupling f(¢) = a¢ constitutes a shift symmetric Galileon theory since the action is
invariant under the shift ¢ — ¢ + ¢, where ¢ is a constant [78,265,266]. Finally, the
Einstein-scalar-Gauss-Bonnet theory represents the Ringo term (L,ingo = f(¢)R%p) of
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the Fab Four theory which is the most general scalar tensor theory that is capable of
self-tuning (as a dark energy model) [274,275].

Over the last twenty years, many works have been done in the framework of the
Einstein-scalar-Gauss-Bonnet theory. First of all, in the case of the Einstein-scalar-
Gauss-Bonnet theory the No-scalar-Hair theorem is evaded. The first derivation of this
evasion was formulated in the framework of the Einstein-dilaton-Gauss-Bonnet theory
[23] only a year after the proposal of the No-scalar-Hair theorem. A few years ago, a new
derivation was proposed, this time for the linear coupling [57-61]. In both cases new
solutions for asymptotically flat black holes were found [23,24,57]. Also, the last twenty
years many other solutions for black holes have been found in the framework of the
Einstein-scalar-Gauss-Bonnet theory [109, 292, 293], including solutions with rotation
[37—47,75], solutions in the presence of an electromagnetic field [88,99,294] or even
solutions with a cosmological constant [76,295,296].

While General Relativity predicts the existence of three families of black hole solu-
tions, it does not admit stable solutions for other compact objects, like wormholes or
particle-like solutions also known as solitons. In General Relativity, solitons are unsta-
ble [190,191] while wormholes demand exotic matter near the throat [140] as discussed
previously. However, we know that ultra compact objects which are not black holes nor
neutron stars exist in the universe, like the X-ray transient GROJ0422+32 [297]. These
objects have radius between ry < r < 3ry/2, where r, is the Schwarzschild radius, and
as a result do not have a horizon but they possess a light ring. A soliton, and even a
wormhole would be a good model for such objects. On the other side, it is known that
the Einstein-dilaton-Gauss-Bonnet theory admits stable traversable wormhole solutions
with no need for exotic matter [138,147] and solutions for solitons as well [298, 299].
These solutions are characterized by a regular spacetime, a regular energy-momentum
tensor and may possess throats as well. Thus, the Einstein-scalar-Gauss-Bonnet theory
not only predicts new black-hole solutions but may provide reliable models for ultra
compact objects and realistic traversable wormholes.

In addition, in the case of the Einstein-scalar-Gauss-Bonnet theory many cosmolog-
ical solutions have been produced. However, as in many modified gravitational theo-
ries, the prediction for the speed of the gravitational waves is different than the speed
of light [289]. After the detection of the GW170817 gravitational wave event and its
GRB170817A gamma-ray burst counterpart [172—174] many modified gravitational the-
ories were constrained [300,301]. However, there has been a debate of the consequences
of these constraints [302]. The Einstein-scalar-Gauss-Bonnet theory was one of them
and it is widely accepted today that we cannot use this theory as a model for dark en-
ergy. However, we can still use the Einstein-scalar-Gauss-Bonnet theory as a model for
early time cosmology [303] or as a model for local gravitational solutions [304]. In the
framework of the Einstein-scalar-Gauss-Bonnet theory cosmological solutions have been
found without initial singularities [305-313] and with inflationary solutions [313-324]. In
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addition, early time cosmological solutions have also been found in the framework of the
pure scalar-Gauss-Bonnet theory [325-328]. This theory is an approximation in which
in regions where the curvature is large and the Gauss-Bonnet term is larger than the
Ricci scalar we may remove the Ricci scalar from the EsGB theory.

In this thesis we will focus only on local solutions in Einstein-scalar-Gauss-Bonnet
theory. In order to keep our analysis as general as possible we will keep arbitrary the
form of the coupling function f(¢). At first, we will examine whether or not the Einstein-
scalar-Gauss-Bonnet theory with general coupling function evade the No-scalar-Hair the-
orem and we will produce novel solutions for spherically symmetric asymptotically flat
black holes. Then, we will construct solutions for black holes in the presence of a cos-
mological constant. Finally, we will produce new solutions for traversable wormholes.
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Evasion of the No-Scalar-Hair
theorem and new black hole
solutions in Einstein-Scalar-
Gauss-Bonnet theory

2.1 Introduction

The Scalar-Tensor theories are the most popular and at the same time the most studied
modified gravitational theories. While many cosmological solutions have been produced
in scalar-tensor theories over a period of many decades, local gravitational solutions,
like black holes, are limited. Thus, the existence or not of black holes associated with a
non-trivial scalar field in the exterior region has attracted the attention of researchers.
Early on, a no-scalar-hair theorem [12,13] appeared, which excluded static black holes
with a scalar field, but this was soon outdated by the discovery of black holes with Yang-
Mills [14-17] or Skyrme fields [18,19]. The emergence of additional black-hole solutions
where the scalar field had a conformal coupling to gravity [20,21] led to the formulation
of a novel no-scalar-hair theorem [22] (for a review, see [41]). In more recent years, this
argument was extended to the case of standard scalar-tensor theories [55], and also, a
new form was proposed, which covers the case of Galileon fields [56].

However, both novel forms of the no-hair theorem [22,56] were shown to be evaded:
the former in the context of the Einstein-Dilaton-Gauss-Bonnet theory [23,24] and the
latter in a special case of shift-symmetric Galileon theories [57-61]. The common feature
of the above theories was the presence of a non minimal coupling between the scalar field
and the gravitational field through the quadratic Gauss-Bonnet (GB) term defined in
Eq.(1.138). In the first theory the coupling function was of an exponential form while in
the second one the coupling function was linear in the scalar field. In both cases, basic
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requirements of the no-scalar-hair theorems were invalidated, and this paved the way for
the construction of new black-hole solutions.

Here, we consider the most general class of scalar-GB theories, of which the cases
(23,24, 57] constitute particular examples. We demonstrate that black-hole solutions,
with a regular horizon, an asymptotically-flat limit and a non trivial scalar field may in
fact be constructed for a large class of such theories under mild only constraints on the
parameters of the theory. We address the requirements of both the old and novel no-hair
theorems, and we show that they are not applicable for this specific class of theories.
In accordance to the above, we then present a large number of exact, regular black-hole
solutions with scalar hair for a variety of forms of the coupling function. The analysis of
this chapter is based on [1].

The outline of this chapter is as follows: in Section 2.2, we present our theoretical
framework. In section 2.3 we perform an analytic study of the near-horizon and far-away
radial regimes. In Section 2.4, we examine the evasion of the No-scalar-Hair theorem in
the framework of the EsGB theory. The spontaneous scalarisation effect is discussed in
Section 2.5. We finish with our conclusions in Section 2.6. The analysis of this chapter
is based on [1].

2.2 The theoretical framework

We start our analysis using the following action functional

S =5 [ ov=a | R 30,00%0 + fl0R%), 2.1)
which describes a modified gravitational theory where the Einstein’s term (the Ricci
scalar curvature R) is accompanied by a real scalar field ¢ non minimally coupled with
the quadratic gravitational Gauss-Bonnet term R% 5. The latter in four dimensions is a
topological invariant i.e. a total derivative, thus the only way to keep it in the theory is
through the coupling with the scalar field f(¢).

The variation of the action (2.1) with respect to the metric tensor g, and the scalar
field ¢ as well leads to the derivation of the gravitational Einstein’s field equations and
the equation for the scalar field, respectively. These equations have the following form:

G/u/ = TMV ) (22)
V2 + f(¢)REp =0, (2.3)

where G, is the Einstein tensor and the effective energy-momentum tensor is defined
as

1 1 1 ~
T;w - _Zguuap¢ap¢ + §@u¢av¢ - §<gpug>\u + gAquu)UKAaIBRP’Y aﬂvwa‘cf‘ (24)
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In the above equation R”” o3 18 the dual of the Riemann tensor, defined as R” od =
1" Rorap = €7 Ryrap//—g. We can write the energy-momentum tensor in the form:

T/u/ - Tls(ﬁ) + T}Siynt)j (25)
where
T¢ = L 0,00 18 0 2
wo _Zgw/ p¢ ¢+§ /LQS llq5 ( 6)
. 1 -
T;Slynt) = __<gp,ug)\l/ + g/\,ug,m/)771{/\015Rp’y algvfyanf- (27)

2

The energy-momentum tensor 7}, receives contributions from both the kinetic term of
the scalar field 7, ,Ef,s) and the interaction with the Gauss-Bonnet term TSJ“”. Also from
Eq. (2.3) it is clear that the interaction with the Gauss-Bonnet acts as a potential for
the scalar field. Finally, from now on, the dot over a function denotes derivation with
respect to the scalar field i.e f = df /de.

Our aim is to find spherically symmetric solutions for black holes in the context of
the EsGB theory. In order to do that, we start with a line-element of the form

ds® = —eAdi? + PO dr? 4 r2(d6? + sin? 0 d?) (2.8)

that describes a spherically symmetric spacetime. We also assume that the scalar field
has the same symmetries as the spacetime i.e. ¢(z) = ¢(r). We seek regular, static
and asymptotically-flat black holes with a non trivial scalar field. Our analysis in this
chapter will investigate whether or not a black hole may be constructed in the framework
of the EsGB theory. We keep general the form of the coupling function f(¢) and we find
the general constraints it needs to obey in order for these solutions to arise.

Using the above line-element (2.8), the Einstein’s field equations take the explicit
form

1eP (P +rB' —1) = ¢?*[r?” + 16f(e? — 1)]

—8f [B'¢/(e? - 3) —2¢"(e® — 1)], (2.9)
4eP(eB —rA —1) = —¢*r?%eP 48 (eB - 3) fAY, (2.10)
eB [T’A/Z —2B"+ A(2—rB) + 27‘A”} = —¢'*re®
+8¢2 FA + 4f[¢/(A” +24") + A'(2¢" — 3B'¢)], (2.11)

while the scalar equation has the following form:

4fe*B

2r¢" + (4 +rA" —rB") ¢ +
.

[(e" —3)A'B' — (¥ —1)(2A" + A®)] =0. (2.12)
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Throughout this work, the prime denotes differentiation with respect to the radial coor-
dinate r!.

The (rr)-component of the Einstein’s field equations (2.10) takes the form of a second-
order polynomial with respect to e? i.e. €?Z + Be® 4+ v = 0, which then, may be solved

to give
o8 ZPE VQBQ —4 (2.13)
with
r2¢”? : .
8= 1 —2f¢ +r)A =1, v=6f¢'A". (2.14)

Then, we can also eliminate the B’ from the remaining equations by taking the derivative
of Eq. (2.13) with respect to the radial coordinate. We easily find

,}/ + B,GB

B'=———. 2.15
2e2B 4 BeB (2:15)
As aresult, once the solutions for the scalar field ¢(r) and the metric function A(r) are

determined, the metric function B follows from Eq. (2.13). Of the set of the remaining
three, Eqgs. (2.9), (2.11) and (2.12), the e® may be eliminated using the above equations
and only two of them are independent. Then we can choose any two of these equations
to form a system of two independent, ordinary differential equations of second order for
the metric function A and the scalar field ¢:

n_F
A=, (2.16)
n_ @
¢'==, (2.17)

where the three functions P, ) and S are lengthy expressions of (r,¢', A’ 1, f) which
are given in the Appendix A.1. For simplicity, in these expressions we have eliminated

B’ using Eq. (2.15) but we have kept the dependence on e5.

2.3 Approximate solutions at the boundaries

2.3.1 Solutions near the black-hole horizon

We will demonstrate now that the set of our equations, with a general form for the
coupling function f(¢), may allow the construction of a solution with a regular black-
hole horizon, provided that the coupling function f satisfies certain constraints. For a

'In some cases, in the following chapters, we will use different symbols for the radial coordinate.
However the prime will still denote differentiation with respect to the radial coordinate, independently
of the symbol we use.
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spherically-symmetric spacetime, the conditions for the presence of a black hole horizon
at r = ry are:
gtt|7"=7"h —0 and grr|r:rh — OQ. (218)

In our case, the metric function B is a dependent function through Eq. (2.13), and
the above constraints translate to e — 0 near the horizon » — r,. Equivalently near
the horizon of the black hole, we have A" — oo — in our analysis, we will use that as
an assumption but, from the general near-horizon solution that we will construct, this
assumption will be shown to follow from the first condition of Eq. (2.18). Finally, we
search for solutions with regular black-hole horizon; this demands that ¢, ¢’ and ¢”
should be finite in the near-horizon limit » — 75, otherwise the trace of the energy
momentum tensor would diverge near the horizon.

Starting with Eq. (2.13) and by assuming that A” — oo and ¢’ remains finite, we
expand its right-hand-side and we easily obtain the result

AP+ %% + 326/ f — 8 Lo (i) |
8(2¢/f +1) A

As we expected, the g,, component of the metric e diverges at the horizon. Note that,
in the expression above, we have kept only the (+) sign in front of the square root in Eq.
(2.13), as the (—) sign, under the same assumptions, leads to the behavior e? ~ O(1),
which is not a solution for a black-hole. Employing the above result Eq. (2.19) together
with the aforementioned behavior of the functions A’, ¢, ¢’ and ¢” near the horizon of
the black hole r — 7, Eqgs. (2.16)-(2.17) take the following approximate forms

e =20 f+r)A (2.19)

_T4 + 4r3¢’f + 4T2¢/2f2 . 24f2A/2
r4 +2r3¢/ f — 482
(2¢'f + 1) (¢’ +12f + 272" f)
rt + 2r3¢’f — 48f2

A" = + .. (2.20)

¢ = — A+ .. (2.21)
Focusing on the second of the above equations, we observe that, if the coupling function
vanishes, ¢” diverges at the horizon of the black hole. Also, the same happens if the
coupling function is left unconstrained. Therefore, the only way for ¢” to be rendered
finite is if either one of the two expressions in the numerator of Eq. (2.21) is zero close
to the horizon of the black hole.

Let us examine now the two cases. First we assume that (2¢/f + ) = 0 near the
horizon; then a more careful inspection of our Eqgs. (2.13)-(2.14) reveals that the coef-
ficient S remains finite whereas 7 is the one that diverges. In that case, we find that
eB ~ /A’ Using this result in Eq. (2.17), we find that ¢ ~ \/E/f Therefore, the only
way for ¢” to remain finite is to demand that f — 400, near the horizon of the black
hole » — rj. For a polynomial coupling function f = a¢™ with n > 0, or an exponential
coupling function f = ae’®, with A a real constant, this is achieved only if the scalar
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field diverges near the horizon, ¢ — +o00, as r — r,. But this breaks the assumption for
a regular black hole horizon. If we use an inverse polynomial coupling function f = a¢™
with n < 0, or a logarithmic one f = In¢, the ¢” vanishes only for ¢ — 0 near the
horizon. However since (2¢’ f+ r) = 0, ¢’ should also vanish for the combination ¢’ f
to remain finite. But if both the scalar field ¢ and its first derivative ¢’ vanish at the
horizon of the black hole, the only solution for the scalar field is the trivial one.

Thus, the only way to construct a regular black hole horizon in the presence of a
non-trivial scalar field, is to consider the second choice:

radh + 12n + 2001, fr = 0, (2.22)

where all quantities have been evaluated at the horizon of the black hole r,. The above
equation may be easily solved to yield:

Th 96 f2
¢ =— | —1x4/1-—=2
4fn Th

(2.23)

In order to ensure that the above solution for ¢ is real, we need to impose the following

constraint L

ﬁ<— (2.24)

Note that the above constraint is a constraint on the parameters of the theory and not
on the form of the coupling function. As we will see in the following chapter, for every
form of the coupling function, there is always a range of values for the parameters which
validate the above constraint. Also the above constraint imposes a lower-bound for the
radius and consequently the mass of the Gauss-Bonnet black holes.

If we use Eq. (2.23), we can easily obtain

, r 96 f2
2%ﬁ+m:§ H:1—rj
h

(2.25)

For a non-trivial coupling function f, the above is always non-zero and positive, in
accordance to the discussion of the previous paragraph. The positivity of the above
relation also ensures the positive sign of the g,, component of the metric e? close to,
but outside of course, the horizon according to Eq. (2.19) (we remind the reader that,
for a spherically symmetric and static black hole solution the metric function e” always
increases from zero (close to 7,) to unity as r — oo so A" > 0 over the whole radial
regime 7, < r < 00).

Finally, we turn to Eq. (2.20), and by using the constraint for the scalar field (2.23),
we easily find that this simplifies to

A" = —A” 4 O(A). (2.26)
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Then, the above equation can be easily integrated once, with respect to r, to give

1

A :(r—rh)

+0(1), (2.27)

which, in agreement to our initial assumption, diverges close to the horizon of the black
hole. Now if we integrate once more and put everything together, we can write the
near-horizon solutions as

e =ay(r—rp) + ..., (2.28)
by

eB:bo+m+..., (2.29)

¢ = dn+ G(r — 1) + O (r —ra)® + .. (2.30)

From Egs. (2.19), (2.29) and by using Egs. (2.23) and (2.27) we can easily find that:
bo=4 and by = 29} fr + 7. (2.31)

The above solutions describe a regular black-hole horizon in the presence of a non trivial
scalar field provided that ¢’ and the coupling function f satisfy the constraints (2.23)-
(2.24).

2.3.2 Asymptotic solutions at infinity

We move now to the other asymptotic region. We will show that for any form of the
coupling function f(¢), an asymptotically flat limit for the spacetime (2.8) may be always
constructed. We will start by assuming that, in the limit » — oo, the expressions for the
metric functions and scalar field have the following power-law forms

A_1q Pr 2.32

e —i—;r, ( 3)

B _1q n 2.33

e +n§_:1r, (2.33)
Oodn

b= bt (2.34)
n=1

Then, substituting in the field equations, we can determine the arbitrary coefficients
(Pns qn, dy,) from the expansion. In fact, the coefficients p; and d; remain arbitrary,
and we can associate them with the ADM mass and scalar charge of the black hole,
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respectively: py = —2M and d; = D. Finally, the asymptotic form of the solutions for
the two metric functions and the scalar field read:

_2M  MD*  24MDf + M*D?

A
-1
€ r + 1293 6r4
96M3D — 3MD3 4+ 512M2f — 64D2f + 128M D2 f
- ki %0 gf St f +O(1/r%), (2.35)
.
B_1+2M+ 16M2 — D? +32M3—5MD2
© = r 492 493 _ _ )
N 6144M° — 2464 M3D? + 9TM D* — 6144M2D f + 192D3 f — 384 M D2 f
19275
768M* — 208M2D? — 384M D f + 3D*
+ S +O(1/r%), (2.36)
4874
b= bt D N MD +32M2D—D3 N 12M3D — 24M2f — M D3
RS r2 2473 6r
6144M4D — 928 M2D3 + 9D5 — 12288M3 f — 1536 M D2 f
+ * / / +0O(1/r% . (2.37)

19207°

As we observe from the above expressions, the explicit form of the coupling function
f(¢) makes its first appearance not earlier than in the order O(1/r*). In general, the
quadratic higher-curvature Gauss-Bonnet term is expected to have a minor contribution
at distances far away from the black-hole horizon where the curvature is extremely
small. The Gauss-Bonnet term, through the coupling function f, works mainly in the
near horizon regime to create a black hole topology with a non-trivial scalar field. In
the far-away regime, this action is reflected in the modified metric functions, in O(1/r?)
compared to the Schwarzschild case, but more importantly in the non-trivial scalar
charge D whose vanishing would have trivialised the scalar field ¢. The appearance of
the explicit coupling function at a much higher order signifies the fact that the existence
of regular black hole solutions is a generic feature of the theory (2.1).

2.4 Evasion of the No-Scalar-Hair Theorems

2.4.1 Evasion of the Old No-Scalar-Hair Theorem

Now let us turn our attention to the no-scalar-hair theorems, which forbid the existence
of new black-hole solutions in the framework of Scalar-Tensor theories, i.e. the existence
of solutions that smoothly connect the two asymptotic solutions —the near-horizon and
far-away solutions— found in the previous two subsections. We will demonstrate that
the presence of the Gauss-Bonnet term, coupled to the scalar field through a general
coupling function f(¢), causes the evasion of those theorems under a sole constraint on
the coupling function.

74



2.4. Evasion of the No-Scalar-Hair Theorems

We will start with the older version of Bekenstein’s no-scalar-hair theorem [12] [13].
As explained in Section 1.8 this argument uses the scalar equation of motion Eq. (2.3)
and relies on the sign of V'(¢), where V(¢) is the potential for the scalar field. Let
us investigate now how this theorem develops in our case. We start from the scalar
equation (2.3), we multiply it with f(¢) and by integrating over the exterior region of
the black-hole, we obtain the following integral constraint

[ dev=a10) [T+ fo)REs) =0. (239)

Integrating by parts the first term, the above equation takes the form
[ dev=a76) 10,60 ~ f(0)Ris] 0. (239)

Note that the boundary term [\/—gf(¢)0"¢|7> vanishes at the horizon of the black-
hole and at infinity as well. At infinity it vanishes due to the fact that the scalar field
asymptotes to a constant value while near the black-hole horizon it does so due to the
combination e(4~5)/2 which appears there. Returning now to Eq. (2.39), one may easily
see that, due to the staticity and spherical symmetry of our solutions, the first term gives
D, 0" = ¢g""(0,¢)* > 0 throughout the exterior region of the black hole. Therefore Eq.
(2.39) may be satisfied only if the second term (f(¢)R%y) is positive. For the metric
(2.8), the GB term has the following explicit form

26723
7’2

RZp = [(e” —3)A'B' — (" — 1) (24" + A")]. (2.40)
If we employ the asymptotic solutions near the horizon (2.28)-(2.29) and at infinity
(2.35)-(2.37), we may easily see that the GB term takes a positive value at both asymp-
totic regimes since

48 M2
6

22+
RQGB:%% as 1 — T, and  Rip —
1"h

as r—oo. (241)

The above result points toward a monotonic behaviour of the GB term in the exterior
region — the explicit numerical construction of the solutions will demonstrate that this
is indeed the case. As a result, the old no-scalar-hair theorem may be evaded if the
coupling function merely satisfies the following constraint:

() > 0. (2.42)

Thus, for a positive coupling function we can always find solutions for black holes with
a non-trivial scalar field.
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Although we have managed to show that the No-Hair theorem is evaded and to
derive a very simple constraint, there are some indications that this integral method is
not reliable and the above is not a true constraint. We started our analysis multiplying
the scalar field equation with f and integrating over the exterior region of the black hole.
However with a slightly different manipulation we can find new constraints. For example
multiplying

e with f, we get the constraint: f > 0,
e or with ¢, we get the constraint: gbf > 0.

Using the same procedure we may end up with a large number of constraints. However,
which one of those is the fundamental constraint? Furthermore, using our numerical
code, we can find regular solutions for black holes which invalidate many of the above
constraints. For more details see the discussion below Figs. 3.10 and 3.11 in the following
chapter. Since the method of the old no-scalar-hair theorem is still used in many works
we conclude that we should be extremely careful when we use it. In order to find if the
no-scalar-hair theorem is indeed evaded and to derive a reliable constraint, we use the
method of Bekenstein’s Novel No-Scalar-Hair theorem.

2.4.2 FEvasion of the Novel No-Scalar-Hair Theorem

We will continue now with the ‘novel’ no-hair theorem which was developed by Bekenstein
[22]. The basic argument of this theorem was built around the behavior of the T,
component of the energy-momentum tensor of the theory in terms of the radial coordinate
r. Bekenstein demonstrated that, if we make use of the assumptions of the energy
conditions from General Relativity —in other words if we demand the positivity and
conservation of the energy— then the profiles of 7", component near the horizon and at
asymptotic infinity could never be smoothly matched. This argument proved beyond
doubt that, for a large class of physically interesting theories, there were no black-
hole solutions associated with a non trivial scalar field. However, that class of theories
contained by definition only minimally-coupled-to-gravity scalar fields. Concluding, the
Bekenstein’s no-scalar hair theorem states that for a scalar-tensor theory, under the
assumptions of asymptotic flatness, staticity and minimal coupling we cannot construct
hairy black hole solutions. In other words the no-scalar hair theorem is a uniqueness
theorem which states that in the above theories the only black hole solution we may
construct is the Schwarzschild one.

The first theory which was shown to evade Bekenstein’s no-scalar-hair theorem was
the Einstein-Dilaton-Gauss-Bonnet (EAGB) theory [23,24], inspired by the low-energy
approximation of the superstring theory, in which the GB term was coupled to the
dilaton scalar field through an exponential coupling function. There, it was shown that
the structure of the EAGB theory was such that it invalidated certain requirements of the
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no-scalar-hair theorem, which therefore was not applicable any more. In the framework
of the EsGB theory the second case was the theory with a linear coupling function which
is also a shift symmetric Gallileon theory [57]. In this work, the authors used a specific
No-Scalar-Hair theorem formulated for the Gallileon theories but as we will see the theory
also evades Bekenstein’s novel no-hair theorem. Here, we will show that the coupling of
the scalar field to the quadratic GB term causes the complete evasion of Bekenstein’s
theorem. This may be in fact realised for a large class of scalar field theories, with the
previously-studied exponential [23,24] and linear [57] GB couplings comprising special
cases of our present argument.

We start with the conservation equation V,T*" = 0 which satisfies the energy-
momentum tensor 7}, due to the invariance of the action (2.1) under coordinate trans-
formations. The r-component of the above equation may take the explicit form

1 4
(eA/QTQTTT)/ =3 eA/2)2 (A’ T + = TG(,) , (2.43)
r

where we have used the relation T} = T due to the spherical symmetry of our solutions.
Then carrying out the derivative on the left-hand-side, we may solve the above equation
for (T".)" to obtain

A’ 2
5 (T, = 1") + =
The non-trivial components of the energy momentum tensor 7),, for our theory (2.1)
with a generic coupling function f are:

(1) = (1)~ 1T). (2.44)

e—2B . .
Ttt —_ _F {¢/2 [TZGB 4 16f(eB o 1)] . Sf[(B/¢/(eB o 3) . 2(;5”(63 o 1)} } ’ (2.45)
T, = e‘jgb/ [cb’ S (ef;— ) fA/}, (2.46)
6723 . .
ng — _? {¢/2(T€B o 8fA/) . 4f[§b,(Al2 + 2A”) +A/(2¢” - 3B/¢,)} } ) (247)

Using the above equation we may investigate the profile of 7" component close to
and far away from the horizon of the black hole. First, we start from asymptotic infinity:
using the asymptotic solutions at infinity (2.35)-(2.37), we easily find that

1, 1 o1, 1 1, 1
Ttt:—ng?—i—(?(ﬁ), TT:ZqSQ—i—O(E), T92—1¢2+0(r—6). (2.48)

Taking into account the fact that, as the radial coordinate approaches infinity, the metric
function et adopts a constant value (e — 1), we conclude that the dominant contribu-
tion to the right-hand-side of Eq. (2.44) at asymptotic infinity is

, 2 § 1
(T7) ~ - (T —T") ~ —;(;5’2 + e (2.49)

T
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According to the results of the above equation, far away from the horizon of the black
hole, the 7" component is positive and decreasing. This was also the result obtained in
the novel no-scalar-hair theorem [22] since the higher derivative GB term is not expected
to have any significant contribution in this regime.

We continue now with the near-horizon regime. In the limit » — 7, the 7", compo-
nent (2.46) takes the following approximate form:

r 2€7BA/ /g
T =— = Of+O(r—ry). (2.50)

The dominant behavior of the metric functions A, B and the scalar field ¢ can be read
from the near-horizon solutions (2.28)-(2.30) and we can easily verify that it is such that
it renders the above combination finite. In the novel no-scalar-hair theorem [22], the
T" component was strictly negative-definite which, in conjunction with its positivity at
large distances, demanded a non-monotonic behavior for this component that at the end
could not be supported. Here, the 1" component can be instead made positive under
the simple assumption that, close to the black-hole horizon, the condition

fo/ <0 (2.51)

holds. However, rearranging Eq. (2.23), we observe that

, 96 f2
fndh = %" —144/1- fh <0, (2.52)
T

and the constraint (2.51) is always satisfied. Therefore, the requirement of the existence
of a regular black-hole horizon in the context of the theory (2.1) automatically evades
one of the two requirements of the novel no-hair theorem.

Using the components of the energy momentum (2.45)-(2.47) in Eq. (2.44), we may
obtain that in the same regime the expression for (777)" takes the following form:

—BA/ 12 —-B . .
@y = O T xR+ o)

4 72

zﬂ } O — ).
(2.53)

+ fé {% (A +B)+2ePA" e PA (A -3B) +

Let us now work a bit more on the above equation: if we take the sum of the (¢¢) and
(rr) components of Einstein’s equations (2.9)-(2.10) in the limit » — 7, we find
T2¢/2

2

1
A’—l—B’:—{

~ 14 <f¢/2 4 fqb")} + O(r —ry), (2.54)
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where we have defined Z = r 4+ 2f¢'. As shown in Eq. (2.25), this latter combination is
not allowed to vanish and is in fact always positive if Eq. (2.23) holds. From the (60)
component (2.11) finally, we find

!/

A
A = —E(A’ —~B)Y+ 0@ —ry) " (2.55)

Substituting the above relation into Eq. (2.53) and performing some simple algebra, we
take the final result for (77)" close to the black-hole horizon

o p ool T 2%+ fe)  Afe 1
(T’"):eBA[_CLZ_( rZ & r? (F_eBB)}JrO(T_”)' (2.56)

Given that, close to the black-hole horizon, A’ > 0, B’ < 0 and that Z > 0 and
f¢' < 0, as dictated by Eq. (2.52), we conclude that (T7)" is negative in the near-
horizon regime if a sole additional constraint, namely f¢'2 + f¢” > 0, is satisfied. This
may be alternatively written as 9,(f¢')|,, > 0, and merely demands that the negative
value of the quantity (f¢')|,,, that is necessary for the existence of a regular black-
hole horizon, should be constrained far away from the horizon. This is in fact the only
way for the two asymptotic solutions (2.28)-(2.30) and (2.35)-(2.37) to be smoothly
connected. Therefore, for ,(f¢')],, > 0, the T7 component is always positive and
monotonically decreasing. As a result, both requirements of Bekenstein’s novel no-scalar-
hair theorem [22] do not apply in this theory, and thus they can be evaded.

2.4.3 Derivation of new black-hole solutions

In order to demonstrate the validity of our arguments regarding the evasion of the No-
Scalar-Hair theorem, we have numerically solved the system of the field equations (2.17),
and we have produced a large number of black-hole solutions with a non trivial scalar
field. The numerical analysis will be given in detail in the following chapter. In agreement
with our results from this section, we may find regular numerical black hole solutions for
every form of the coupling function. In Fig. 2.1(a) we depict the solutions for the scalar
field for many different forms of the coupling function f(¢): we use exponential, odd and
even power-law, odd and even inverse-power-law functions. These forms are all simple,
natural choices to keep the GB term in the 4-dimensional theory inspired from previous
works on local or cosmological solutions. For easy comparison between the solutions,
the coupling constant in all cases has been set to a/r7 = 0.012, the near-horizon value
of the scalar field to ¢, = 1 and finally the horizon radius to r;, = 1. We have chosen
three coupling functions f(¢) = (ae?, ad?, ag?), that all have f; > 0, thus our constraint

2As we wrote the action 2.1 the value of ¢y, is dimensionless but not that of o which has units of
square length [r?]. For our numerical analysis, it is convenient to define the dimensionless quantity
af r%. However, since we set r;, = 1 everywhere, sometimes instead of o /r,% we simply write a.
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Figure 2.1: (a) The scalar field ¢, and (b) the 7", component of the energy-momentum
tensor in terms of the radial coordinate r, for different coupling functions f(¢), for
a=0.01 and ¢, = 1.

(2.23) leads to a negative sign for the first derivative of the scalar field near the horizon

i and three functions f(¢) = (ae™?, ad™!, ap™?), that have f; < 0, thus, Eq. (2.23)
demands a positive sign for the first derivative ¢). The sign of the derivative determines
the decreasing or increasing, respectively, profile of the solutions for the scalar field which
are clearly depicted in Fig. 2.1(a). In all cases, for a given value of the ¢, parameter,
Eq. (2.23) uniquely determines the value of the quantity ¢}. The integration of the
system (2.17) then, with initial conditions (¢n, ¢),) leads to the presented solutions. The
positivity and also the decreasing profile of the 77, component of the energy momentum
tensor near the horizon, which are necessary features for the evasion of the novel no-
hair theorem, are clearly seen in Fig. 2.1(b). It is worth mentioning that the second
constraint, d,(f¢')|,, > 0, for the evasion of the no-hair theorem is automatically satisfied
for every solution found and does not require any further action or any fine-tuning of
the free parameters. Finally we note that for all the forms of f(¢) the above solutions
satisfy also the constraint f(¢) > 0, which was derived from the evasion of the old no-hair
theorem.

2.5 The Spontaneous Scalarisation Mechanism

After our paper with the results for the evasion of the No-Scalar-Hair theorem was sub-
mitted for publication [1], two additional works appeared where particular solutions of
our general theory was discussed [65,66]. In these two works, the spontaneous scalariza-
tion effect for black holes was first introduced. In the spontaneous scalarization effect,
the Schwarzschild solution becomes unstable for some values of the coupling constant and
a scalarized solution bifurcates from the Schwarzschild one. Here, the term scalarized
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solution stands for a black-hole solution with a non trivial scalar field. As we will see,
the spontaneous scalarized solutions have nothing special compared with other solutions
found in the framework of the EsGB theory —like the solutions in Fig. 2.1. However,
we will introduce the term “naturally scalarized” in order to separate all the other so-
lutions of the theory from the spontaneously scalarized ones. Finally, the spontaneous
scalarization of black holes is quite similar with the spontaneous scalarization of neutron
stars [329] but it is triggered by the curvature of the space-time itself instead of the
presence of some kind of matter.
We start our analysis from the Schwarzschild solution

1

ds® = —h(r)dt* + )

dr® + r*(df* 4 sin® fdp?), (2.57)

with h(r) = 1 — 2. Substituting the above solution to the field equations (2.9)-(2.3) we
find that the Schwarzschild solution is a solution of the EsGB theory only if

o(r) = do, (2.58)

f(o) =0, (2.59)

where ¢q is a constant. In order to examine the stability of the system, we perturb the
above solution i.e. g, (") = g, (1) + €hy,, (2") and ¢(z*) — ¢o + ep1(2*), where hy,,
and ¢; are small perturbations and ¢ is an index for the expansion. Then, we easily find
that —in the system of the field equations— the two perturbations decouple due to the
simplicity of the Schwarzschild solution. The system of the Einstein’s equations takes
the form of the well studied Schwarzschild perturbations while the scalar equation has
the following form:

1
V=9
with R}, = 481"—]6”2. Using the method of the separation of variables, we may easily find

the solutions for the angular and the time part of the perturbation. Then, the scalar
perturbation may be written in the following form:

0y (V=90"61(2")) + f(d0) R 51 (2”) = 0, (2.60)

p(a) = “Dirymg o), (2.61)

r

where Y, (6, ) are the spherical harmonics and w a constant. Substituting the above
equation in Eq. (2.60) we find that its radial part becomes:

MO (g (M) + (w00 (Fommtey - ) ) =0 o

T r
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Using the tortoise coordinate dr, = dr/h(r) —which maps the domain r € [2M, +0o0)
to r. € (—00,+00)— we may eliminate the first derivative v’ that appears in the above
equation which then takes the following Schrédinger-like form:

2

%u + (W= V(r))u=0, (2.63)

where the potential is defined as

h/
v =) (
Then, the condition for an unstable mode is:

oo ©V 5M2+ 10M20(0+1) — 6f
Ve, = [V - BMP IOV 6o
on (T) 20M
Since M > 0 and ¢ > 0 always, the only way for the above quantity to be negative
is to assume that the second derivative of the coupling function is also positive i.e.

f(éo) > 0. Then, the constraint takes the form

M2 < 6f(¢o) '

54 100(¢+ 1)

Thus, in the framework of the EsGB theory, the Schwarzschild solution with a mass M,
which validates the above constraint is unstable. As the mass of the black hole decreases
the horizon radius also decreases and this results to an increasing of the horizon curva-
ture. So, the value of the GB term near the horizon also increases. When the value of the

GB at the horizon exceeds the critical value R3p, = 3/(4M}), with M? = %, the
Schwarzschild solution becomes unstable and then a spontaneously scalarized black-hole
solution may arise.

Although the spontaneous scalarization effect may provide an explanation on how
these solutions may arise it is not an existence theorem. The instability of the Schwarzs-
child solution does not guarantee that a scalarized solution exists. Also the spontaneous
scalarization mechanism is over-restrictive and applies only on specific forms of the cou-
pling function i.e. for coupling functions with f(¢) = 0 and f(¢y) > 0. On the other
hand, in the previous section, we proved that for any form of the coupling function in
the EsGB theory, scalarized solutions exist provided that the parameters of the theory
respect the constraint (2.24). As we have already mentioned, the spontaneous scalarized
solutions have nothing special compared to the naturally scalarized solutions. Once a
spontaneously scalarized solution is produced there is no way to distinguish it from a
naturally scalarized one. However, in the spontaneous scalarization the Schwarzschild
solution co-exists with the scalarized solutions. In the more general case of natural
scalarization, the Schwarzschild solution may not exist in the configuration space of the
theory. Concluding, the spontaneously scalarized solutions comprise only a subgroup of
our more general naturally scalarized solutions.

()  Ae+Y) _ f'wo)R%GB) | (2.64)

T r

< 0. (2.65)

—0o0

(2.66)
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2.6 Discussion

In the context of the general Einstein-scalar-Gauss-Bonnet theory with an arbitrary
coupling function f(¢), we have demonstrated that the emergence of regular black-hole
solutions is a generic feature of the theory: the explicit form of f(¢) affects very little
the asymptotically-flat limit at infinity, while a regular horizon is formed provided that
@), and f(¢) satisfy the constraints (2.23)-(2.24).

The existing no-scalar-hair theorems were shown to be evaded under mild assump-
tions on the values of the parameters of the theory. The old no-hair theorem [12,13] is
easily evaded for f(¢) > 0 while the novel no-hair theorem [22] is non-applicable if the
same constraint (2.23) holds. Based on this, we have produced a large number of reg-
ular black-hole solutions with non-trivial scalar hair for arbitrary forms of the coupling
function f(¢). They are all characterised by a minimum black-hole radius and mass,
and their near-horizon strong dynamics is expected to leave its imprint on a number
of observables. The obtained solutions survive only when the synergy of ¢ with the
Gauss-Bonnet term is supplemented by the linear Ricci term.
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Chapter 3

Properties of Black-Hole Solutions
with Scalar Hair in Einstein-Scalar-
Gauss-Bonnet-Theories

3.1 Introduction

A common feature of the theories which evaded the no-hair theorems was the presence of
higher-curvature terms, such as the quadratic Gauss-Bonnet (GB) term inspired by the
string theory [52] or Horndeski theory [53]. It is the presence of such terms that invalidate
basic requirements of the no-hair theorems, and open the way for the construction of
black-hole solutions with scalar hair. In the previous chapter, we considered a general
class of Einstein-scalar-GB theories [1], of which the cases [23,24,57] constitute particular
examples. We demonstrated that, under certain constraints on the form of the coupling
function between the scalar field and the Gauss-Bonnet term, and in conjunction with the
profile of the scalar field itself, a regular black-hole horizon regime and an asymptotically-
flat regime may be smoothly connected, and thus the no-hair theorems may be evaded.
A number of novel black-hole solutions with scalar hair was thus determined and briefly
presented [1].

In this chapter, we provide additional support to the arguments presented in [1].
We consider the same general gravitational theory containing the Ricci scalar, a scalar
field and the GB term, with the latter two quantities being coupled together through a
coupling function f(¢). Guided by the findings of our previous work [1], we impose the
aforementioned constraints on the coupling function f and the scalar field ¢, and find a
large number of regular, black-hole solutions with a non-trivial scalar hair for a variety
of forms for the coupling function: exponential, polynomial (even and odd), inverse
polynomial (even and odd) and logarithmic. In all cases, the solutions for the metric
components, scalar field, curvature invariant quantities and components of the energy-
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momentum tensor are derived and discussed. Further characteristics of the produced
solutions, such as the scalar charge, horizon area and entropy, are also determined,
studied in detail and compared to the corresponding Schwarzschild values.

The outline of this chapter is as follows: in Section 3.2, we briefly review our theo-
retical framework and analytic study of the near and far-away radial regimes. In Section
3.3, we present extensive numerical results for the obtained solutions and their proper-
ties. We finish with our conclusions in Section 3.4. The analysis of this chapter is based
on [2].

3.2 The Theoretical Framework

The theoretical framework is the same with the previous chapter (see section 2.2). Here
we will give a brief overview. We start with the action functional that describes the
aforementioned general class of higher-curvature gravitational theories [1]:

S =15z [ d'v=0 | R 50,00% + F(0IRE . (3.1)

Our aim is to find solutions of the set of Egs. (2.2-2.3) that describe regular, static,
asymptotically-flat black-hole solutions with a non-trivial scalar field. In particular, we
will assume again that the line-element takes the following spherically-symmetric form

d82 — _GA(T)dtQ + eB(T)dTQ -+ rz(dQQ + SiIl2 0 d(,OQ) 5 (32)

and that the scalar field is also static and spherically-symmetric, ¢ = ¢(r). In our quest
for the aforementioned solutions, we will consider a variety of coupling functions f(¢),
that will however need to obey certain constraints [1]. By employing the line-element
(3.2), we may obtain the explicit forms of the Einstein’s field equations

4eP(eP +rB' — 1) = ¢ [r%eP + 16f(e? — 1)] — 8F [B'¢/(e? — 3) — 24" (" — 1)],

(3.3)
4eP(eP —rA' —1) = —¢"r?e” + 8 (e’ — 3) fA Y. 3.4
eBlrA® — 2B + A'(2 —1B') + 2rA"] = —¢%reP + 8¢ fA + 4f[¢ (A +24")
+ A'(2¢" — 3B'¢")], (3.5)
while the scalar equation has the following form:
4fe_B

2r¢" + (4 +rA" —rB") ¢ +

(e =3)A'B — (7 ~1)(24" + A%)] =0.  (3.6)

Before proceeding to numerically integrate the differential system of the field equations
let us also briefly review the form of the solutions at the two asymptotic regimes of
spacetime.
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3.2.1 Asymptotic Solution at Black-Hole Horizon

We will start our quest for black-hole solutions with a non trivial scalar hair by deter-
mining first the asymptotic solutions of the set of Eqs. (3.3)-(3.6) near the black-hole
horizon and at asymptotic infinity. These solutions will serve as boundary conditions
for our numerical integration but will also provide important constraints on our theory
(3.1). Near the black-hole horizon 74, it is usually assumed that the metric functions
and the scalar field may be expanded as

et = Zan(r — )", (3.7)

e B = Z by (r — )", (3.8)
50 (1,
¢=Z¢ n(' )(r—rh)", (3.9)

where (an,b,) are constant coefficients and ¢™ (r,) denotes the (nth)-derivative of the
scalar field evaluated at the black-hole horizon. Equations (3.7)-(3.8) reflect the expected
behaviour of the metric tensor near the horizon of a spherically-symmetric black hole
with the solution being regular if the scalar coefficients ¢ (r;,) in Eq. (3.9) remain finite
at the same regime.

In the previous chapter, we have followed instead the alternative approach of assum-
ing merely that, near the horizon, the metric function A(r) diverges, in accordance to Eq.
(3.7). Then, the system of differential equations was evaluated in the limit » — 7}, and
the finiteness of the quantity ¢” was demanded. This approach was followed in [23,24]
where an exponential coupling function was assumed between the scalar field and the GB
term. In the previous chapter, the form of the coupling function f(¢) was left arbitrary,
and the requirement of the finiteness of ¢} was shown to be satisfied only under the
constraint [1]

P+ 12w+ 27 fu = 0, (3.10)

where all quantities have been evaluated at the horizon r,. The above is a second-order
polynomial with respect to ¢}, and may be easily solved to yield the solutions:

96 2
¢o= e 1 4fh . (3.11)
4fn Th

The above ensures that an asymptotic black-hole solution with a regular scalar field
exists for a general class of theories of the form (3.1). The only constraint on the form of

87



Chapter 3. Properties of Black-Hole Solutions with Scalar Hair in
Finstein-Scalar-Gauss-Bonnet-Theories

the coupling function arises from the demand that the first derivative of the scalar field
on the horizon must be real, which translates to the inequality

2ot (3.12)
h 96 . .

Assuming the validity of the constraint (3.10), Eq. (2.20) then uniquely determines
the form of the metric function A in the near-horizon regime; through Eq. (2.13), the
metric function B is also determined. Therefore, the asymptotic solution for the metric
functions and the scalar field in the limit » — 7}, is given by the expressions

et =ay(r—rp) + ..., (3.13)
e B =b(r—my)+.., (3.14)
¢ =n+¢u(r—rn) +oh(r—ra)* + ..., (3.15)

and describes, by construction, a black-hole horizon with a regular scalar field provided
that ¢’ obeys the constraint (3.11) and the coupling function f satisfies Eq. (3.12). We
note that the desired form of the asymptotic solution was derived only for the choice of
the (4)-sign in Eq. (2.13) as the (—)-sign fails to lead to a black-hole solution [1].

The aforementioned regularity of the near-horizon solution should be reflected to
the components of the energy-momentum tensor 7), as well as to the scalar invariant
quantities of the theory. Employing the asymptotic behaviour given in Egs. (3.13)-(3.15),
near the black-hole horizon, the non-vanishing components of the energy momentum
tensor (2.45)-(2.47) assume the following approximate behaviour:

2¢~ B

T =+ B¢'f+0(r—r), (3.16)
r 26_3 .

T =— o A f+0Or—ry), (3.17)
-2B

T =T% = equ' f 24" + A” —3A'B) + O(r — 1) (3.18)

The above expressions, in the limit » — 75, lead to constant values for all components of
the energy-momentum tensor. Similarly, one may see that the scalar invariant quantities
R, R, R" and R,,,,R""", whose exact expressions are listed in the Appendix A.2,
reduce to the approximate forms

2¢~ B

R =+ = (e —2rA") + O(r — 1), (3.19)
—2B )
R, R" =+ i (e —rAN +O(r — 1), (3.20)
46723
Ry R =+ — (P +1r2A”) + O(r — ). (3.21)
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In the above, we have used that, near the horizon, A’ ~ —B’ ~ 1/(r—ry,) and A”? ~ — A",
as dictated by Eqgs. (3.13)-(3.14). Again, the dominant term in each curvature invariant
adopts a constant, finite value in the limit r — r,. Subsequently, the GB term also
comes out to be finite, in the same limit, and given by

1228
o

Rip =+ A+ O(r—ry) . (3.22)

3.2.2 Asymptotic Solution at Infinity

At the other asymptotic regime, that of radial infinity (r — 00), the metric functions and
the scalar field may be again expanded in power series, this time in terms of 1/r. Demand-
ing that the metric components reduce to those of the asymptotically-flat Minkowski
space-time while the scalar field assumes a constant value, we find in brief:

eh=1- % +0O(1/r?), (3.23)
e =1+ ¥ +0(1/r%), (3.24)
6= 0t 2+ O(1/1), (325)

where with M we denote the Arnowitt-Deser-Misner (ADM) mass and with D the scalar
charge. The remaining coefficients may be calculated to an arbitrary order: in the
previous chapter we have performed this calculation up to order O(1/r°), see Egs. (2.35-
2.37). We found that the scalar charge D modifies significantly the expansion of the
metric functions at order O(1/r?) and higher. The existence itself of D, and thus of
a non-trivial form for the scalar field, is caused by the presence of the GB term in
the theory. The exact form, however, of the coupling function does not enter in the
above expansions earlier than the order O(1/r*). This shows that an asymptotically flat
solution of Eqs. (3.3-3.6), with a constant scalar field does not require a specific coupling
function and, in fact, arises for an arbitrary form of this function.

The asymptotic solution at infinity, given by Eqgs. (3.23)-(3.25), is also characterised
by regular components of 7, and curvature invariants. Employing the facts that, as
r— 00, (e4, eP, ¢) =~ O(1) while (A, B', ¢') =~ O (1/r?), we find for the components of
the energy-momentum tensor the asymptotic behaviour:

) 1 1
T, ~-T" ~T% ~ -1 ¢*+ O <T_6) : (3.26)

Clearly, all of the above components go to zero, as expected. A similar behaviour is exhib-
ited by all curvature invariants and the GB term, in accordance to the asymptotically-flat
limit derived above. In particular, for the GB term, we obtain

48 M2

_ (3.27)

2
Rz, =~
GB 76
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Figure 3.1: (a) The scalar field ¢, and (b) the energy-momentum tensor 7, in terms of
the radial coordinate 7, for f(¢) = ae™?.

which quickly reduces to zero at asymptotic infinity as anticipated.

3.3 Numerical Solutions

In the previous two subsections, we have constructed a near-horizon solution with a
regular scalar field and an asymptotically-flat solution with a constant scalar field —
that was achieved under mild constraints on the form of the coupling function f(¢).
As demonstrated in the previous chapter, both the old and the novel no-scalar-hair
theorems can be evaded in the context of the EsGB theory, and the asymptotic solutions
at black-hole horizon and radial infinity may be smoothly matched. However, given the
complexity of the equations of the theory, it is the numerical integration of the field
equations (3.3)-(3.6) that will reveal whether a black-hole solution with a non-trivial
scalar hair valid over the entire radial domain can be constructed.

We therefore proceed to numerically solve ours equations (3.3-3.6). As described in
the previous chapter, the set of equations reduces to a set of two independent equations

for A and ¢

A = g , and ¢ = % : (3.28)
while the metric function B may be expressed in terms of the functions A and ¢,
see Eq. (2.13). In the above equations, P, ) and S are complicated expressions of
(r,eP, ¢/, A, 1, f) that are given in the Appendix A.1. Our numerical code is written in
Mathematica software. The integration starts at a distance very close to the horizon of
the black hole, i.e. at r &~ rj, + O(107°) (for simplicity, we set r;, = 1). There, we use as
boundary conditions the asymptotic solution (3.13)-(3.15) together with Eq. (3.11) for
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Figure 3.2: (a) The metric components g;; and g,,, and (b) the Gauss-Bonnet term R% 5
in terms of the radial coordinate r, for f(¢) = ae™?.

¢}, upon choosing a particular coupling function f(¢). The integration proceeds towards
large values of the radial coordinate until the form of the derived solution matches the
asymptotic solution (3.23)-(3.25). In the next sub-sections, we present a variety of reg-
ular black-hole solutions with scalar hair for different choices of the coupling function

f(9).

3.3.1 Exponential Coupling Function

First, we consider the case where f(¢) = ae®. According to the arguments presented in
section 2.4.1, the evasion of the old no-hair theorem is ensured for f(¢) > 0; therefore,
we focus on the case with a > 0. As the exponential function is always positive-definite,
the sign of f = ake™ is then determined by the sign of x. In order to evade also the
novel no-hair theorem and allow for regular black-hole solutions to emerge, we should
satisfy the constraint f¢' < 0 according to Eq. (2.51), or equivalently x ¢’ < 0, near the
horizon. Therefore, for x > 0, we should have ¢} < 0, which causes the decreasing of
the scalar field as we move away from the black-hole horizon. The situation is reversed
for K < 0 when ¢}, > 0 and the scalar field increases with r.

The case of f(¢) = ae?, with a > 0, was studied in [23,24] and led to the well-known
family of Dilatonic Black Holes. The solutions were indeed regular and asymptotically-
flat with the scalar field decreasing away from the horizon, in agreement with the above
discussion. Here, we present the complimentary case with f(¢) = ae™® (the exact value
of k does not alter the physical characteristics of the solution and, here, we set it to
k = —1). In Fig. 3.1(a), we present a family of solutions for the scalar field ¢ for
different initial values ¢j: for K = —1 < 0, the scalar field must necessarily have ¢} > 0,
and therefore increases as r increases. The value of the coupling constant «, once the
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Figure 3.3: (a) The scalar charge D as a function of the near-horizon value ¢, and (b)
the scalar charge D as a function of its mass M, for f(¢) = ae™®.

form of the coupling function and the asymptotic value ¢, are chosen, is restricted by
the inequality (3.12) - here, we present solutions for indicative allowed values of a.

In Fig. 3.1(b), we present the energy-momentum tensor components for an indicative
solution of this family: clearly, all components remain finite over the whole radial regime.
In particular, 7", remains positive and monotonically decreases towards infinity, exactly
the behaviour that ensures the evasion of the novel no-hair theorem. As discussed in the
previous chapter, apart from choosing the input value ¢ for our numerical integration
in accordance with Eq. (3.11), no other fine-tuning is necessary; the second constraint
for the evasion of the novel no-hair theorem, ie. f¢’ + f¢'> > 0, is automatically
satisfied without any further action, and this is reflected in the decreasing behaviour of
1" component near the horizon.

At the left and right plots of Fig. 3.2, we also present the solution for the two metric
components (|gyl, g-) and the GB term RZjp, respectively. The metric components
exhibit the expected behaviour near the black-hole horizon with ¢, vanishing and g,,
diverging at 7, = 1. In order to ensure asymptotic flatness at radial infinity, the free
parameter a; appearing in the near-horizon solution (3.13) is appropriately chosen. On
the other hand, the GB term remains finite and positive-definite over the entire radial
domain - in fact it displays the monotonic behaviour, hinted by its two asymptotic limits
(3.22) and (3.27), that causes the evasion of the old no-hair theorem. As expected, it
contributes significantly near the horizon, where the curvature is large, and quickly fades
away as we move towards larger distances. The profile of the metric components and
GB term exhibit the same qualitative behaviour in all families of black-hole solutions
presented in this work, so we refrain from giving additional plots of these two quantities
in the next sub-sections.

The profile of the scalar charge D as a function of the near-horizon value ¢, and of the
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Figure 3.4: (a) The horizon area A, and entropy S, of the black hole, and (b) their
ratios to the corresponding Schwarzschild values (right plot) in terms of the mass M for

1(6) = ae .

mass M is given at the left and right plot, respectively, of Fig. 3.3 (each dot in these, and
subsequent, plots stand for a different black-hole solution). For the exponential coupling
function f(¢) = ae~?, and for fixed a and 73, the scalar field near the horizon ¢;, may
range from a minimum value, dictated by Eq. (3.12), up to infinity. As the left plot
reveals, as ¢, — oo, the coupling of the scalar field to the GB term vanishes, and we
recover the Schwarzschild case with a trivial scalar field and a vanishing charge. On the
other hand, in the right plot, we observe that as the mass of the black-hole increases,
the scalar charge decreases in absolute value, and thus larger black holes tend to have
smaller charges.

It is also interesting to study the profiles of the area of the black-hole horizon, A, =
47r?, and of the entropy Sy of this class of solutions. The entropy is defined through
the relation [330]

I(BF)

Sh—ﬁ{ a5 F], (3.29)
where F' = Ig/f is the Helmholtz free-energy of the system given in terms of the Eu-
clidean version of the action Ix. Also, f = 1/(kgT) with the temperature following
easily from the definition [331,332]

3 1( L |dga

o0 Ar N dr

The calculation of the temperature and entropy of the dilatonic black hole, with an
exponential coupling function of the form f(¢) = ae®, was performed in detail in [32].

= (3.30)

)Z\/M
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Figure 3.5: (a) The scalar field ¢, and (b) the energy-momentum tensor 7, in terms of
the radial coordinate 7, for f(¢) = ad¢?.

By closely repeating the analysis, we find the following expressions for the temperature

1 (2M + D)
Am o+ 4f (o)’ (331)
and entropy A
S =" +41f(dn) (3.32)

of a GB black-hole arising in the context of our theory (3.1) with a general coupling
function f(¢) between the scalar field and the GB term. We easily confirm that, in
the absence of the coupling function, the above quantities reduce to the corresponding
Schwarzschild ones, T' = 1/(4nry,) and Sy, = Ap/4, respectively.

By employing the expressions for A, and S as given above, we depict the horizon
area and entropy, in terms of the mass of the black hole, in Fig. 3.4(a) we observe that
both quantities increase fast as the mass increases. The plot in Fig. 3.4(b) allows us to
compare more effectively our solutions to the Schwarzschild one. The lower curve depicts
the ratio of Ay to the area of the Schwarzschild solution Ag., = 167 M2, as a function
of M; we observe that, for large black-hole masses, the ratio A, /Agq, approaches unity,
therefore, large GB black holes are not expected to deviate in their characteristics from
the Schwarzschild solution of the same mass. On the other hand, in the small-mass limit,
the ratio A, /Ag., significantly deviates from unity; in addition, a lower bound appears
for the black-hole radius, and thus of the mass of the black hole, due to the constraint
(3.12) not present in the Schwarzschild case — this feature has been noted before in the
case of the dilatonic black holes [23,24,51]. It is worth noting that the GB term, as an
extra gravitational effect, causes the shrinking of the size of the black hole as the ratio
Ap/Asen remains for all solutions below unity.
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Figure 3.6: (a) The scalar field ¢, and (b) the energy-momentum tensor 7, in terms of
the radial coordinate 7, for f(¢) = ag¢?.

Turning finally to the entropy S}, of our black-hole solutions, we find a similar pattern:
very small GB black holes differ themselves from the Schwarzschild solution by having a
lower entropy whereas large GB black holes tend to acquire, among other characteristics,
and the entropy of the Schwarzschild solution. We observe however that, apart from the
very small-mass regime close to the minimum value, the ‘exponential’ GB black holes
have in general a higher entropy than the Schwarzschild solution, a characteristic that
points to the thermodynamical stability of these solutions. In fact, the dilatonic GB
black holes [23,24], which comprise a subclass of this family of solutions with a coupling
function of the form f(¢) = ae?, have an identical entropy pattern, and were shown to
be linearly stable under small perturbations more than twenty years ago.

3.3.2 Even Polynomial Function

Next, we consider the case where f(¢) = a¢®®, with n > 1. Since the coupling function
must be positive-definite, we assume again that > 0. The first constraint for the evasion
of the novel no-hair theorem, f¢ < 0 near the horizon, now translates to oy, < 0.
Therefore, two classes of solutions appear for each value of n: one for ¢, > 0, where
¢}, < 0 and the solution for the scalar field decreases with r, and one for ¢, < 0, where
@), > 0 and the scalar field increases away from the black-hole horizon. In Fig. 3.5(a),
we depict the first family of solutions with ¢;, < 0 and ¢, > 0 for the choice f(¢) = a¢p?
while, in Fig. 3.6(a), we depict the second class with ¢, > 0 and ¢} < 0 for the choice
f(¢) = ag*. The complimentary classes of solutions may be easily derived in each case
by reversing the signs of ¢, and ¢},.

The form of the energy-momentum tensor components for the two choices f(¢) = a¢?
and f(¢) = a¢?, and for two indicative solutions, are depicted in Figs. 3.5(b) and 3.6(b),
respectively. We observe that the qualitative behaviour of the three components largely
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Figure 3.7: (a) The scalar field ¢, and (b) the energy-momentum tensor 7, in terms of
the radial coordinate 7, for f(¢) = a¢? and various values of the coupling constant a.

remain the same despite the change in the form of the coupling function f(¢) (note also
the resemblance with the behaviour depicted in Fig. 3.1(b)). In fact, the asymptotic
behaviour of 7}, near the black-hole horizon and radial infinity is fixed, according to Eqgs.
(3.16)-(3.18) and (3.26), respectively. Independently of the form of the coupling function
f(#), at asymptotic infinity 7" approaches zero from the positive side, while T% and T%
do the same from the negative side. In the near-horizon regime, Eqs. (3.16)-(3.18)
dictate that

sign (Ttt)h , sign (T7"), ~ — sign (qb;lfh) , (3.33)

sign (T%)h ~ + sign (qﬁﬁlfh) : (3.34)

Using that f'hgzﬁ}b < 0 and the scaling behaviour of the metric functions near the
horizon, we may easily derive that (7%), and (7", always assume positive values while
(T%);, assumes a negative one. The form of f(¢) merely changes the magnitude of these
asymptotic values: in the case of a polynomial coupling function, the higher the degree
is, the larger the asymptotic values near the horizon are.

One could assume that the intermediate behaviour of the scalar field and the energy-
momentum tensor always remains qualitatively the same. In fact, this is not so. Let
us fix for simplicity the values of r, and ¢, and gradually increase the value of the
coupling parameter «; this has the effect of increasing the magnitude of the GB source-
term appearing in the equation of motion (3.6) for ¢. As an indicative case, in Fig.
3.7(a), we depict the behaviour of ¢ for four large values of «, and, in Fig. 3.7(b), the
T,,, for one of these solutions. We observe that all of these quantities are not monotonic
any more; they go through a number of maxima or minima — with that number increasing
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Figure 3.8: (a) The scalar charge D, and (b) the ratios Aj/Asen and Sp,/Sgen in terms
of the mass M, for f(¢) = a¢®.

with the value of a — before reaching their asymptotic values at infinity. Note that the
near-horizon behaviour of both ¢ and T}, is still the one that guarantees the evasion
of the no-hair theorem. We may thus conclude that the presence of the GB term in
the theory not only ensures that the asymptotic solutions (3.13)-(3.15) and (3.23)-(3.25)
may be smoothly connected to create a regular black hole but it allows for this to happen
even in a non-monotonic way.

Let us also study the characteristics of this class of black-hole solutions arising for an
even polynomial coupling function. In Fig. 3.8(a), we depict the scalar charge D in terms
of the mass M of the black hole, for the quadratic coupling function f(¢) = ag¢? we
observe that, in this case, the function D(M) is not monotonic in the small-mass regime
but it tends again to zero for large values of its mass. In terms of the near-horizon value
¢n, the scalar charge exhibits the expected behaviour: for large values of ¢y, the effect of
the GB term becomes important and D increases; on the other hand, for vanishing ¢y,
i.e. a vanishing coupling function, the scalar charge also vanishes — in order to minimise
the number of figures, we refrain from showing plots depicting the anticipated behaviour;
in the same spirit, we present no new plots for the quartic coupling function as it leads
to exactly the same qualitative behaviour.

Turning to the horizon area A; and entropy S, of these black-hole solutions, we find
that, in terms of the mass M, they both quickly increase, showing a profile similar to that
of Fig. 3.4(a) for the exponential case. The ratio Aj/Asq, remains again below unity
over the whole mass regime, and interpolates between a value corresponding to the lowest
allowed value of the mass, according to Eq. (3.12), and the asymptotic Schwarzschild
value at the large-mass limit. The entropy ratio Sj/Sscn, on the other hand, is found
to have a different profile by remaining now always below unity - this feature points
perhaps towards a thermodynamic instability of the ‘even polynomial’ GB black holes
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Figure 3.9: (a) The scalar field ¢, and (b) the energy-momentum tensor 7, in terms of
the radial coordinate r, for f(¢) = a¢.

compared to the Schwarzschild solution.

3.3.3 0Odd Polynomial Function

We now consider the case of f(¢) = a¢®" ™!, with n > 0 and o > 0. Here, the constraint
f¢' < 0 translates to ¢2"¢' < 0, or simply to ¢}, < 0 for all solutions. In Fig. 3.9 (a) and
(b), we have chosen the linear case, i.e. f(¢) = a¢, and presented an indicative family
of solutions for the scalar field (left plot) and the components of the energy-momentum
tensor for one of them (right plot). The decreasing profile of ¢ for all solutions, as we
move away from the black-hole horizon, is evident and in agreement with the above
constraint. The energy-momentum tensor clearly satisfies the analytically predicted
behaviour at the two asymptotic regimes, that once again ensures the evasion of the
novel no-hair theorem.

The two plots in Fig. 3.10, (a) and (b), depict the same quantities but for the
case f(¢) = a¢®. Their profile agrees with that expected for a regular, black-hole
solution with a scalar hair. The alerted reader may notice that, here, we have chosen
to present solutions with ¢, < 0; for an odd polynomial coupling function, these should
have been prohibited under the constraint f(¢) > 0, that follows from the old no-hair
theorem [1,12,13]. Nevertheless, regular black-hole solutions with a non-trivial scalar
field do emerge, that do not seem to satisfy f(¢) > 0. A set of such solutions are shown
in Fig. 3.10(a) (we refrain from showing the set of solutions with ¢, > 0 as these have
similar characteristics). As we observe, all of them obey the ¢} < 0 constraint imposed
by the evasion of the novel no-hair theorem, and lead to the expected behaviour of 7),,;
the latter may be clearly seen in Fig. 3.10(b) where such a “prohibited” solution is
plotted. The behaviour of the metric components and the GB term continue to be given
by plots similar to the ones in Fig. 3.2.
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Figure 3.10: (a) The scalar field ¢, and (b) the energy-momentum tensor 7),, in terms
of the radial coordinate r, for f(¢) = ag?.

As shown in Fig. 3.11, the emergence of solutions that violate the constraint f(¢) > 0
is in fact a general feature of our analysis and not an isolated finding in the case of odd
polynomial coupling function. Apparently, the presence of the coupling of the scalar field
to the GB term not only opens the way for black-hole solutions to emerge but renders the
old no-hair theorem incapable of dictating when this may happen. Looking more carefully
at the argument on which the old no-hair theorem was based on [1,12,13], one readily
realizes that this involves the integral of the scalar equation over the entire exterior
regime, and thus the global solution of the field equations whose characteristics cannot
be predicted beforehand. In contrast, the evasion of the novel no-hair theorem is based
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Figure 3.11: (a) Regular solutions for the scalar field with f(¢) < 0 “forbidden” by the
old No-Hair theorem but not by the novel No-Hair theorem and (b) the corresponding
T component of the energy-momentum tensor.
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Figure 3.12: (a) The scalar field ¢, and (b) the energy-momentum tensor 7, in terms of
the radial coordinate r, for f(¢) = a¢® and a variety of values of the coupling constant
a.

on local quantities, such as the energy-momentum components and their derivatives at
particular radial regimes, which may be easily computed. In addition, it is indifferent to
the behaviour of the solution in the intermediate regime, which may indeed exhibit an
arbitrary profile as the one presented in the plots of Fig. 3.7. In fact, all solutions found
in the context of our analysis, with no exception, satisfy the constraints that ensure the
evasion of the novel no-hair theorem.

In this case, too, one may derive solutions for a variety of values of the coupling
constant «, as long as these obey the constraint (3.12). In Fig. 3.12(a), we depict a
family of solutions with ¢; = 0.01 and a variety of values of a.. This family of solutions
present a less monotonic profile compared to the one exhibited by the solutions in Fig.
3.10. The components of the energy-momentum tensor for one of these solutions is
depicted in Fig. 3.12(b), and they present a more evolved profile with the emergence of
minima and maxima between the black-hole horizon and radial infinity. We also notice
that the solutions for the scalar field, although they start from the positive-value regime
(¢n, = 0.01), they cross to negative values for fairly small values of the radial coordinate.
This behavior causes the odd coupling function to change sign along the radial regime,
a feature that makes any application of the old no-hair theorem even more challenging.

Turning again to the characteristics of the ‘odd polynomial” black-hole solutions, in
Fig. 3.13(a), we depict the scalar charge D in terms of the mass M of the black hole,
for the linear coupling function f(¢) = a¢: here, the function D(M) is monotonic and
approaches a vanishing asymptotic value as M increases. The scalar charge D has no
dependence on the initial scalar-field value ¢y, since it is the first derivative f’(¢) that
appears in the scalar equation (3.6) and, for a linear function, this is merely a constant.
The horizon area Aj, and entropy S exhibit again an increasing profile in terms of M
similar to that of Fig. 3.4(a) for the exponential case. The more informative ratios
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Figure 3.13: (a) The scalar charge D, and (b) the ratios Aj/Age, and Sp/Ssen in terms
of the mass M, for f(¢) = a¢.

Ap/Agen and Sy /Ssen are given in Fig. 3.13(b): as in the case of quadratic and quartic
coupling functions, both quantities remain smaller than unity and interpolate between
a lowest value corresponding to the black-hole solution with the lowest mass and the
Schwarzschild limit acquired at the large mass limit.

We now address separately the characteristics of the black-hole solutions arising in
the case of the cubic coupling function f(¢) = a¢?® since here we find a distinctly different
behaviour. As mentioned above, also in this case, as the coupling constant « increases,
from zero to its maximum value (for 7, and ¢y, fixed), solutions with no monotonic profile
in terms of the radial coordinate arise (Fig. 3.12(a)). We depict the scalar charge D
in terms of the mass M of the black hole, for the whole a-regime, in Fig. 3.14(a): we
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Figure 3.14: (a) The scalar charge D, and (b) the ratios Ap/Agcn, and Si/Ssen in terms
of the mass M, for f(¢) = ad®.
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Figure 3.15: (a) The scalar field ¢, and (b) the energy-momentum tensor 7),, in terms
of the radial coordinate r, for f(¢) = a/¢.

may easily observe the emergence of two different branches of solutions (with a third,
short one appearing at the end of the upper branch) corresponding to the same mass
M. These branches appear at the small-mass limit of the solutions whereas for large
masses only one branch survives with a very small scalar charge. In Fig. 3.14(b), we
show the ratio Sj,/Sgsen in terms of the mass M: this quantity also displays the existence
of three branches with the one that is smoothly connected to the Schwarzschild limit
having the higher entropy. The two additional branches with the larger values of scalar
charge, compared to the one of the ‘Schwarzschild’ branch, have a lower entropy and
they are probably less thermodynamically stable. This behavior was not observed in
the case of the quadratic coupling function where more evolved solutions for the scalar
field also appeared (see Fig. 3.5(a)): there, the function D(M) was not monotonic but
was always single-valued; that created short, disconnected ‘branches’ of solutions with
slightly different values of entropy ratio S, /Sse, but all lying below unity. Let us finally
note that the horizon area ratio Ay /Agen, not shown here for brevity, has the same profile
as the one displayed in Fig. 3.13 for the linear function while the D(¢,) function shows
the anticipated increasing profile as ¢, and thus the GB coupling, increases.

3.3.4 Inverse Polynomial Function

The next case to consider is the one where f(¢) = a¢~", where k > 0, and « is also
assumed to be positive, for simplicity. Let us consider directly some indicative cases:

e k= 1: In this case, the constraint for the evasion of the novel no-hair theorem
becomes: f¢ = —2a¢’/$?* < 0 which demands ¢j > 0 for all solutions. In
Fig. 3.15(a), we present a family of solutions for the scalar field emerging for this
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Figure 3.16: (a) The scalar field ¢, and (b) the energy-momentum tensor 7),, in terms
of the radial coordinate r, for f(¢) = a/¢>.

coupling function. All solutions are increasing away from the black-hole horizon
in accordance to the above comment. The components of the energy-momentum
tensor are also well behaved, as may be seen from Fig. 3.15(b). As in the case of
the odd polynomial function, an additional set of solutions arises with ¢, < 0 with
similar characteristics.

e k = 2: In this case, the constraint becomes: fgb’ = —a¢'/¢$* < 0 which demands
o), > 0. A family of solutions for the scalar field emerging for this coupling
function, with ¢, > 0 and increasing with r, are presented in Fig. 3.16(a) — a
complementary family of solutions with ¢, < 0 and decreasing away from the
black-hole horizon were also found. The components of the energy-momentum
tensor for an indicative solution are depicted in Fig. 3.16(b), and clearly remain
finite over the whole exterior regime.

Concerning the characteristics of the ‘inverse polynomial” GB black holes, we find
again an interesting behaviour — in Fig. 3.17, we depict the inverse linear case, as an
indicative one. The scalar charge D exhibits a monotonic decreasing behaviour in terms
of the mass M, as one may see in the left plot of the figure, approaching zero at the
large-mass limit. In terms of the input parameter ¢, the scalar charge presents the
anticipated behaviour (and thus is not shown here): for an inverse coupling function, D
increases as the value of ¢, and thus of the GB coupling, decreases. The quantities Ay
and Sy, increase once again quickly with the mass M, as in Fig. 3.4. The ratio Aj,/Agen
is shown in Fig. 3.17(b), and reveals again the constantly smaller size of the GB black
holes compared to the asymptotic Schwarzschild solution, as well as the existence of
a lowest-mass solution. The ratio S;,/Sse, depicted also in Fig. 3.17(b), reveals that
the entire class of these black-hole solutions — independently of their mass — have a
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Figure 3.17: (a) The scalar charge D, and (b) the ratios Ap/Age, and Sp/Ssen (right
plot) in terms of the mass M, for f(¢) = a/¢.

higher entropy compared to the asymptotic Schwarzschild solution. This feature is in
fact unique for the inverse linear function; a similar analysis for the inverse quadratic
coupling function has produced similar results for the quantities D(M), D(¢n), An/Asen
and Sy, /Ssen with the only difference being that the very-low mass regime of the ‘inverse
quadratic’ GB black holes have a lower entropy than the Schwarzschild solution, i.e. the
situation resembles more the one depicted in Fig. 3.4.
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Figure 3.18: (a) The scalar field ¢, and (b) the energy-momentum tensor 7),, in terms
of the radial coordinate r, for f(¢) = a In¢.
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Figure 3.19: (a) The scalar charge D, and (b) the ratios Aj/Age, and Sp/Ssen in terms
of the mass M, for f(¢) = o In ¢.

3.3.5 Logarithmic Function

We finally address the case where f(¢) = aln(¢). Here, black-hole solutions emerge for
f¢' = a¢' /¢ < 0, near the black-hole horizon; for o > 0, this translates to ¢, < 0 (since
the argument of the logarithm must be a positive number, i.e. ¢ > 0). As a result, the
solutions for the scalar field are restricted to have a decreasing behaviour as we move
away from the black-hole horizon - this is indeed the behaviour observed in the class of
solutions depicted in Fig. 3.18(a). One may also observe that the plot includes solutions
with either ¢, > 1 or ¢, < 1, or equivalently with f > 0 or f < 0. Once again, the old
no-hair theorem is proven to be inadequate to exclude the presence of regular black holes
with scalar hair even in subclasses of the theory (3.1). In contrast, the derived solutions
continue to satisfy the constraints for the evasion of the novel no-hair theorem.

The components of the energy-momentum tensor are presented in Fig. 3.18(b): they
exhibit the same characteristics as in the cases presented in the previous subsections with
the most important being the monotonic, decreasing profile of the 7”7 component. The
coupling constant « can also take a variety of values as long as it satisfies Eq. (3.12); in
this case, the monotonic behaviour of ¢ over the whole exterior space of the black hole is
preserved independently of the value of a. The energy-momentum tensor also assumes
the same form as in Fig. 3.18, and thus we refrain from presenting any new plots.

The scalar charge D of the ‘logarithmic” GB black holes, in terms of the mass M
is shown in Fig. 3.19(a). Once again, we observe that, as the mass of the black-hole
solution increases, D decreases towards a vanishing value — our previous analysis has
shown that this feature is often connected with the thermodynamical stability of the
solutions. Indeed, as it may be seen from Fig. 3.19(b), the ratio Sj,/Sge is above
unity for a very large part of the mass-regime; it is again the small-mass regime that
is excluded from the thermodynamical stable solutions. The scalar charge D has again
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the anticipated behaviour in terms of the parameter ¢p: since it is the f'(¢) = a/¢ that
enters the scalar equation (3.6), the scalar charge increases as ¢, decreases. The ratio
Ap [ Asen is also shown in Fig. 3.19(b): as in the previous cases, it corresponds to a class
of smaller black-hole solutions, compared to the Schwarzschild solution of the same mass,
with a minimum-allowed mass that approaches the asymptotic Schwarzschild solution
as M reaches large values.

3.4 Discussion

In this chapter, we have extended the analysis of the previous chapter [1] by considering
several subclasses of the general theory that contained the Ricci scalar, a scalar field
and the GB term. We have studied a large number of choices for the coupling function
f(¢) between the scalar field and the GB term: exponential, polynomial (even and
odd), inverse polynomial (even and odd) and logarithmic. In each case, employing the
constraint (3.11) for the value of ¢}, we constructed a large number of exact black-hole
solutions with scalar hair, and studied in detail their characteristics. Our solutions were
characterised by a universal behaviour of the components of the metric tensor, having
the expected behaviour near the black-hole horizon and asymptotic flatness at radial
infinity. All curvature invariant quantities were examined, and found to have a similar
universal profile, independently of the form of the coupling function f, that ensured the
finiteness of the space-time and thus the regularity of all solutions.

The same regularity characterised the components of the energy-momentum tensor
over the whole radial regime. In fact, the first constraint on the value of ¢} — necessary
for the evasion of the novel no-hair theorem — simultaneously guarantees the regularity
of the scalar field at the black-hole horizon and therefore, the regularity of the solution.
The second constraint for the evasion of the no-hair theorem involves both ¢} and ¢},
and determines the behaviour of 77, near the black-hole horizon; this constraint was
automatically satisfied by all the constructed solutions and demanded no further action
or fine-tuning of the parameters. It is worth noting that these constraints were local
as they applied to the black-hole radial regime, and were therefore easy to check. On
the other hand, the old no-hair theorem, based on an integral constraint over the whole
radial regime, fails to lead to a unique constraint whose violation or not would govern the
existence of regular black-hole solutions. A special form of it, i.e. f(¢) > 0, was found
to lead indeed to novel solutions when satisfied but it could not exclude their emergence
in the opposite case. An analysis of the old no-hair theorem that bypasses the constraint
on the sign of the coupling function, and allows solutions with f(¢) < 0, may be found
here [333].

The profile for the scalar field ¢ was found in all of the cases considered, and was
indeed regular over the entire radial domain. The scalar field increased or decreased
away from the black-hole horizon, always in accordance with the constraint (3.11), and
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approached a constant value at asymptotic infinity. The scalar charge D was determined
in each case, and its dependence on either ¢, or M was studied. In terms of the first
parameter, whose value determines the magnitude of the GB coupling in the theory, its
behaviour was the anticipated one: for large values of that coupling, D assumed a large
value, while for small couplings D tended to zero. Its profile in terms of the mass M of
the black hole had a universal behaviour in the large-M limit, with D assuming increas-
ingly smaller values, however, in the small-M limit, each family of solutions presented
a different behaviour (either monotonic or not monotonic). In all cases, however, the
scalar charge is an M-dependent quantity, and therefore our solutions have a non-trivial
scalar field but with a “secondary” hair.

The horizon area A, and entropy S, of the solutions were also found in each case.
Both quantities quickly increase with the mass M, with the former always dominating
over the latter. The function A(M) also revealed a generic feature of all black-hole
solutions found, namely the existence of a lower value for the horizon radius r, and
thus of the horizon area Aj of the black hole; this is due to the constraint (3.12) that,
for fixed ¢, and parameter «, does not allow for regular solutions with horizon radius
smaller than a minimum value, given by (1) = 4v/6|fx], to emerge. This, in turn,
imposes a lower-bound on the mass of the black hole solution, and therefore all curves
A(M) terminate at a specific point in the low-mass regime.

The study of the ratios Aj/Age and Sp,/Ssen, with respect to the corresponding
quantities of the Schwarzschild solution with the same mass, had even more information
to offer. The first ratio remained below unity for all classes of black-hole solutions found
and for all mass regimes; as a result, we may conclude that the presence of the additional,
gravitational GB term leads to the formation of more compact black holes compared to
the standard General Relativity (GR). In the large-mass limit, the horizon area of all
black-hole solutions approached the Schwarzschild value — the same was true for the
entropy ratio Sy /Ssen; these two features together suggest that, for large masses, it will
be extremely difficult to distinguish between GB black holes and their GR analogues.

Do we really expect to detect any of these classes of GB black holes in the universe?
This depends firstly on their stability behaviour, a topic that needs to be studied care-
fully and individually for each class of solutions presented in this work. The curves
Sh/Ssen(M), that we produced, may provide hints for their stability: as mentioned
above, the entropy of all solutions found here approached, in the large-M limit, the
Schwarzschild value thus it is quite likely that large GB black holes share the stability of
the Schwarzchild solution. For smaller masses, where the GB black holes are expected to
differ from their GR analogue, different profiles were observed: the ‘exponential’, ‘inverse-
quadratic’ and ‘logarithmic’ GB black holes had a ratio Sj,/Sse, larger than unity for
the entire intermediate mass-regime but smaller than unity in the very-low-mass regime.
These results point towards the thermodynamical stability of solutions with intermediate
and large masses but to an instability for solutions with small masses (although even in
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the latter case, an accretion of mass from their environment could lead to an increase in
their mass and to a change in their (in)stability). On the other hand, the ‘quadratic’,
‘quartic’ and ‘linear’ GB black holes had their entropy ratio Sj/Ss., below unity over
the entire mass-regime, and may not lead to stable configurations. Finally, two classes of
solutions, the ‘inverse-linear’ and the first branch of the ‘cubic’ GB black holes have their
ratio Sy /Ssen larger than unity for all values of the black-hole mass - small, intermediate
and large - and may hopefully lead to stable solutions with a variety of masses. In all
cases, a careful study of all the above solutions under perturbations is necessary in order
to verify or refute the above expectations. The first class of GB black-hole solutions that
have been studied under linear perturbations are the ‘exponential’ ones that were found
to be indeed stable [23,24] in accordance to the above comments. In addition, the last
years, stability analyses have been performed for the case of the spontaneously scalarized
black holes [69,70]. These works indicate that the stability of the black-hole solutions
seems to be dependent on the explicit form of the coupling function and therefore each
case needs to be studied separately.

Assuming therefore that one or more classes of the aforementioned black-hole solu-
tions are stable, we then need a number of signatures or observable effects that would
distinguish them from their GR analogues and convince us of their existence. A generic
feature of all GB black holes is their minimum horizon radius: if, in the small-mass
limit, certain families of GB black holes are more favourable to emerge compared to
the Schwarzschild solution — from the stability point-of-view, then the observed black
holes will not have an arbitrarily small mass. Also, in the small-mass limit, observable
effects may include deviations from standard GR in the calculation of the bending an-
gle of light, the precession observed in near-horizon orbits and the spectrum from their
accretion discs. Studies of this type have been performed [93,94] for black holes in the
Einstein-scalar-GB theory with a linear coupling [57] — a special case of our analysis —
and shown that the near-horizon strong dynamics may leave its imprint on all of these
observables.

Our GB black-hole solutions are characterized also by a scalar charge. A previous
analysis of dilatonic (‘exponential’) GB black holes [45] has revealed that scalar radiation
is rather suppressed, especially for non-spinning black holes, unless particular couplings
are introduced in the theory between the scalar field and ordinary matter. In addition,
in [334] it was demonstrated that the scalar charge of neutron stars, emerging in the
context of the same theory, is extremely small. We would like to add to this that,
according to our analysis, the more stable configurations tend to correspond to black
holes with small scalar charge. Perhaps, future observations of gravitational waves from
black-hole or neutron-star processes could lead to clear signatures (or impose constraints)
on the existence of GB compact objects provided that these objects have a small mass
and/or a large scalar charge. Finally, the measurement of the characteristic frequencies
of the quasi-normal modes (especially the polar sector) will also help to distinguish these
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solutions from their GR analogues [45].
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Chapter 4

Novel Black-Hole Solutions in

Einstein-Scalar-Gauss-Bonnet
Theories with a Cosmological
Constant

4.1 Introduction

In this chapter, we will extend the analysis of the previous two chapters [1,2], that
aimed at deriving asymptotically-flat black-hole solutions, by introducing in our theory
a cosmological constant A, either positive or negative. In the context of this theory, we
will investigate whether the previous, successful synergy between the Ricci scalar, the
scalar field and the Gauss-Bonnet term survives in the presence of A. The question of the
existence of black-hole solutions in the context of a scalar-tensor theory, with scalar fields
minimally-coupled or conformally-coupled to gravity, and a cosmological constant has
been debated in the literature for decades [111-116]. In the case of a positive cosmological
constant, the existing studies predominantly excluded the presence of a regular, black-
hole solution with an asymptotic de Sitter behaviour - a counterexample of a black hole
in the context of a theory with a conformally-coupled scalar field [136] was shown later
to be unstable [137]. On the other hand, in the case of a negative cosmological constant,
a substantial number of solutions with an asymptotically Anti-de-Sitter behaviour have
been found in the literature (for a non-exhaustive list, see [117-135]).

Here, we perform a comprehensive study of the existence of black-hole solutions with
a non-trivial scalar hair and an asymptotically (Anti)-de Sitter behaviour in the context
of a general class of theories containing the higher-derivative, quadratic GB term. Prior
to our work, the only similar study was the one performed in the special case of the
shift-symmetric Galileon theory [294,296], i.e. with a linear coupling function between
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the scalar field and the GB term. In this chapter, we consider the most general class of
this theory by considering an arbitrary form of the coupling function f(¢), and look for
regular black-hole solutions with non-trivial scalar hair. Since the uniform distribution
of energy associated with the cosmological constant permeates the whole spacetime, we
expect A to have an effect on both the near-horizon and far-field asymptotic solutions.
We will thus repeat our analytical calculations both in the small and large-r regimes to
examine how the presence of A affects the asymptotic solutions both near and far away
from the black-hole horizon. As we will see, our set of field equations admits regular
solutions near the black-hole horizon with a non-trivial scalar hair for both signs of the
cosmological constant. At the far-away regime, the analysis needs to be specialised since
a positive or negative sign of A leads to either a cosmological horizon or an asymptotic
Schwarzschild-Anti-de Sitter-type gravitational background, respectively. Our results
show that the emergence of a black-hole solution with a non-trivial scalar hair strongly
depends on the type of asymptotic background that is formed at large distances, and
thus on the sign of A.

In the case of A < 0, we present a large number of novel black-hole solutions with a
regular black-hole horizon, a non-trivial scalar field and a Schwarzschild-Anti-de Sitter-
type asymptotic behaviour at large distances, These solutions correspond to a variety
of forms of the coupling function f(¢): exponential, polynomial (even or odd), inverse
polynomial (even or odd) and logarithmic. Then, we proceed to study their physical
properties such as the temperature, entropy, and horizon area. The case with A > 0
was also investigated. We construct asymptotically de Sitter solutions and we discuss
their properties. Finally, we investigate features of the asymptotic profile of the scalar
field, namely its effective potential and rate of change at large distances since this greatly
differs from the asymptotically-flat case.

The outline of this chapter is as follows: in Section 4.2, we present our theoretical
framework and perform our analytic study of the near and far-way radial regimes as well
as of their thermodynamical properties. In Section 4.3, we present our numerical results
for both cases of A < 0 and A > 0. We finish with our conclusions in Section 4.4. The
analysis of this chapter is based on [3]

4.2 The Theoretical Framework

We consider the class of higher-curvature gravitational theories described by the following
action functional:

1

5= Ton

[ dtav=g [R — 5 0,00"0 + [(6) Ry — 2, (4.1)

employed in the previous two chapters. But now, a cosmological constant A, that may
take either a positive or a negative value, is also present in the theory. By varying the
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action (4.1) with respect to the metric tensor g,, and the scalar field ¢, we derive the
gravitational field equations and the equation for the scalar field, respectively. These are
found to have again the form:

Gy =T and V2 + f(¢)RE5 =0, (4.2)

where the effective energy-momentum tensor, has the following form

Ty = _}lguvap¢ap¢ + %Q@&,(b - % (Gpu9rw + 9ruGpr) NP R aﬂvvaﬂf(@ — AN g -
(4.3)
Compared to the theory studied in the previous two chapters [1,2], where A was zero,
the changes in Eqgs. (4.2) look minimal: the scalar-field equation remains unaffected while
the energy-momentum tensor 7# receives a constant contribution —A¢*,. However, as
we will see, the presence of the cosmological constant affects both of the asymptotic
solutions, the properties of the derived black holes and even their existence.

In the context of this chapter, we will investigate the emergence of regular, static,
spherically-symmetric but non-asymptotically flat black-hole solutions with a non-trivial
scalar field. The line-element of space-time will accordingly take the form

ds? = —eA0d% + PO dr? 1 r2(d6? + sin? 0 dp?) . (44)

The scalar field will also be assumed to be static and spherically-symmetric, ¢ = ¢(r).
The coupling function f(¢) will retain a general form during the first part of our analysis,
and will be chosen to have a particular form only at the stage of the numerical derivation
of specific solutions.

The non-vanishing components of the Einstein tensor G*, may be easily found by
employing the line-element (4.4), and they read

t e P B /
Gt:7<1—6 —’I“B), (45)
-B
Gr = %(1 — By rd), (4.6)
G =G = % rA? 2B + A(2—rB) + 2 A" (4.7)

As before, the prime denotes differentiation with respect to the radial coordinate r.
Using Eq. (4.3), the components of the energy-momentum tensor 7% take in turn the
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form
6_28 . .
T =-5 [¢’2 (7’263 T 16f(eB — 1)) —8f (B'¢/(e5 — 3) — 24" (e® — 1))} _ A,
(4.8)
. e By | 8e P (P -3) fA
T, =— [¢ . = _ A, (4.9)
974;7_& /2 B _QfA'Y _Af 12 41 1 AN / "o Iy o
T =T% = - [gzﬁ <re 8fA> Af (A2¢ + 20/ A" + A'(26 3B¢))} A.
(4.10)

Matching the corresponding components of G*, and T*, the explicit form of Einstein’s
field equations may be easily derived. These are supplemented by the scalar-field equa-
tion (4.2) whose explicit form remains unchanged and reads

4fe*B

2r¢" + (4+rA —rB) ¢ + (€7 =3)A'B — (¢ = 1)(24" + A%)] = 0. (4.11)

As in the previous analyses, only two of the three unknown functions A(r), B(r)
and ¢(r) are independent. The metric function B(r) may be found through the (rr)-
component of field equations which takes again the form of a second-order polynomial
with respect to e?, i.e. ae?” + Bef +~ = 0. This easily leads to the following solution

B PE Vf —day (4.12)

where

r2 ¢/2 . .
1 —(2f¢ +1)A —1, v=6f¢' A (4.13)

Employing the above expression for e, the quantity B’ may be also found to have the

form

a=1-Ar? B =

7/—|—B/GB+O/623
 2ae?B 4 BeB
Therefore, by using Eqgs. (4.12) and (4.14), the metric function B(r) may be completely
eliminated from the field equations. The remaining three equations then form a system
of only two independent, ordinary differential equations of second order for the functions

A(r) and o(r):

B = (4.14)

A== (4.15)

"no__

N Ol

(4.16)

The expressions for the quantities P, () and S, in terms of (r, ¢', A’, 1, f), are given for
the interested reader in Appendix B.1 as they are quite complicated.
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4.2.1 Asymptotic Solution at Black-Hole Horizon

As we are interested in deriving novel black-hole solutions, we will first investigate
whether an asymptotic solution describing a regular black-hole horizon is admitted by
the field equations. Instead of assuming the usual power-series expression in terms of
(r — r), where 7y, is the horizon radius, we will construct the solution as was also done
in [1,2,23,24]. To this end, we demand that, near the horizon, the metric function e
should vanish (and e?() should diverge) whereas the scalar field must remain finite. The
first demand is reflected in the assumption that A’(r) should diverge as r — 7, — this
will be justified again a posteriori — while ¢'(r) and ¢”(r) must be finite in the same
limit.

Assuming the aforementioned behaviour near the black-hole horizon, Eq. (4.12) may
be expanded in terms of A’(r) as follows!

b 2Ffd + 1) e 2f ¢ (12¢% — 12Ar2 + 8) + 1 (r2¢/2 — 4) Lo ( 1 > )

1—Ar? 4(1 — Ar2) (2f ¢ + 1) A

Then, substituting the above into the system (4.15)-(4.16), we obtain

A" =W A%+ 0 (A, (4.18)
& :% (2 +1)A" + O(1), (4.19)

where

Wi = —(r* + 4% f¢' + 4 29" — 24 %) + 240" f°
A [475 fo' + 42 f2 (126 — 16) — 647 f2¢) — 6471 + r6] . (4.20)
Wy = —r*¢' (1— Ar?) — 320 3¢ + 16Ar f2¢' (Ar? — 3)
—2f [6+ 170 + 207" — Ar® (r?¢” +4)] (4.21)
and

W = (1—Ar?) [7“4 + 23 — 16£2 (3 — 2Ar?) — 32Ar f%’} . (4.22)

From Eq. (4.17), we conclude that the combination (2 fo' + r) near the horizon must be
non-zero and positive for the metric function e? to have the correct behaviour, that is

!Note, that only the (+)-sign in the expression for e? in Eq. (4.12) leads to the desired black-hole
behaviour.
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to diverge as r — 1, while being positive-definite. Then, Eq. (4.19) dictates that, if we
want ¢” to be finite, we must necessarily have

Walrer, = 0. (4.23)

The above constraint may be written as a second-order polynomial with respect to ¢,
which can then be solved to yield

_7"2(1 —Ar?) + 16A7’hfﬁ(3 —Ar?) £ (1 = Ar2)V/C
Af [r2 = Atk = 16/2)]

¢, = , (4.24)

where all quantities have been evaluated at » = r,. The quantity C' under the square
root stands for the following combination

C = 256Af;! (ArE —6) +32r2f2 (2017 —3) + 78 > 0, (4.25)

and must always be non-negative for ¢, to be real. This combination may be written as
a second-order polynomial for fZ with roots

12 |3 200F & v/3y/3 = 2007 + A%

fe= 16A (=6 + Ar?2) ' (4.26)

Then, the constraint on C' becomes
C=(fi=A)fi-1=o0. (4.27)

Therefore, the allowed regime for the existence of regular, black-hole solutions with scalar
hair is given by f,% < f2 or f}% > f_%, since f_f > f2. To obtain some physical insight
on these inequalities, we take the limit of small cosmological constant; then, the allowed
ranges are

4 2 4
fr< ik (1 + % + ) R . (1 - 12 + ) , (4.28)
respectively. In the absence of A, Eq. (4.25) results into the simple constraint f2 < 74 /96,
and defines a sole branch of solutions with a minimum allowed value for the horizon
radius (and mass) of the black hole [1,2]. In the presence of a cosmological constant,
this constraint is now replaced by fﬁ < f2, or by the first inequality presented in Eq.
(4.28) in the small-A limit. This inequality leads again to a branch of solutions that
— for chosen f(¢), ¢, and A — terminates at a black-hole solution with a minimum
horizon radius r"™. We observe that, at least for small values of A, the presence of
a positive cosmological constant relaxes the constraint allowing for smaller black-hole
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solutions, while a negative cosmological constant pushes the minimum horizon radius
towards larger values. The second inequality in Eq. (4.28) describes a new branch of
black-hole solutions that does not exist when A = 0; this was also noted in [294,296] in
the case of the linear coupling function. This branch of solutions describes a class of very
small GB black holes, and terminates instead at a black hole with a maximum horizon
radius ry®.
Returning now to Eq. (4.15) and employing the constraint (4.24), the former takes
the form
A=A+ 0 (A). (4.29)

Integrating the above, we find that A’(r) ~ 1/(r—ry,), a result that justifies the diverging
behaviour of this quantity near the horizon that we assumed earlier. A second integration
yields A(r) ~ In(r — r5,), which then uniquely determines the expression of the metric
function e? in the near-horizon regime. Employing Eq. (4.17), the metric function B is
also determined in the same regime. Therefore, the asymptotic solution of Eqs. (4.12),
(4.15) and (4.16), that describes a regular, black-hole horizon in the limit r — 7, is
given by the following expressions

e =ay(r—ry) + ..., (4.30)
e B=b(r—mry)+.., (4.31)
¢ = o+ G(r —1a) + & (r — i)’ + .., (4.32)

where a1,b; and ¢, are integration constants. We observe that the above asymptotic
solution constructed for the case of a non-zero cosmological constant has exactly the
same functional form as the one constructed in [1,2] for the case of vanishing A. The
presence of the cosmological constant modifies though the exact expressions of the basic
constraint (4.24) for ¢) and of the quantity C' given in (4.25), the validity of which
ensures the existence of a regular black-hole horizon. As in [1,2], the exact form of the
coupling function f(¢) does not affect the existence of the asymptotic solution, therefore
regular black-hole solutions may emerge for a wide class of theories of the form (4.1).

The regularity of the asymptotic black-hole solution is also reflected in the non-
diverging behaviour of the components of the energy-momentum tensor and of the scale-
invariant Gauss-Bonnet term. The components of the former quantity in this regime
assume the form

t 26_3 .

T, = - B'¢'f—A+0O(r—r), (4.33)
r 26_3 I

T =— - A f—A+O(r —rp), (4.34)
0 6723 " 2 I I L f

T = . (2A" + A =3A'B")¢'f — A+ O(r —1p,). (4.35)
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Employing the asymptotic expansions (4.30)-(4.32), one may see that all components
remain indeed finite in the vicinity of the black-hole horizon. For future use, we note
that the cosmological constant adds a positive contribution to all components of the
energy-momentum tensor 7% for A < 0, while it subtracts a positive contribution for
A > 0. Also, all scalar curvature quantities, the explicit form of which may be found in
Appendix A.2, independently exhibit a regular behaviour near the black-hole horizon —
when these are combined, the GB term, in the same regime, takes the form

1228
2

R%p =+ A2+ O(r—my), (4.36)

exhibiting, too, a regular behaviour as expected.

4.2.2 Asymptotic Solutions at Large Distances

The form of the asymptotic solution of the field equations at large distances from the
black-hole horizon depends strongly on the sign of the cosmological constant. Therefore,
in what follows, we study separately the cases of positive and negative A.

4.2.2.1 Positive Cosmological Constant

In the presence of a positive cosmological constant, a second horizon, the cosmological
one, is expected to emerge at a radial distance r = r. > r,. We demand that this
horizon is also regular, that is that the scalar field ¢ and its derivatives remain finite in
its vicinity. We may in fact follow a method identical to the one followed in section 4.2.1
near the black-hole horizon: we again demand that, at the cosmological horizon, g — 0
while g, — oo; then, using that A’ diverges there, the regularity of ¢” from Eq. (4.16)
eventually leads to the constraint

o = r3(1 — Ar?) + 16A7.f2(3 — Ar?) + (1 — AT‘?)\/E (4.37)

c 4f [r2 = A(rd = 16f2)|

with C' now being given by the non-negative expression
C = 256Af! (Ar? — 6) + 322 f2 (2Ar2 = 3) + 75 > 0. (4.38)

Employing Eq. (4.37) in Eq. (4.15), the solution for the metric function A may be
again constructed. Overall, the asymptotic solution of the field equations near a regular,
cosmological horizon will have the form

e =ay(re—7r)+ ..., (4.39)
e B =by(re—r)+ .., (4.40)
¢ = e+ Glre =) + ¢lre =) + .. (4.41)
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where care has been taken for the fact that » < r.. One may see again that the above
asymptotic expressions lead to finite values for the components of the energy-momentum
tensor and scalar invariant quantities. Once again, the explicit form of the coupling
function f(¢) is of minor importance for the existence of a regular, cosmological horizon.

4.2.2.2 Negative Cosmological Constant

For a negative cosmological constant, and at large distances from the black-hole horizon,
we expect the spacetime to assume a form close to that of the Schwarzschild-Anti-
de Sitter solution. Thus, we assume the following approximate forms for the metric
functions

2M A 2

Alr) = _ A Deff 2 B2 @

e = (k‘ . 5 7 + 7‘2) (1 + r2> , (4.42)
2M A

~B(r) _ M Derr 2 ® 4.43

where k, M, Ay and g5 are, at the moment, arbitrary constants. Substituting the
above expressions into the scalar field equation (4.11), we obtain at first order the con-

straint )
_ 8A6fff _
r2

&)+ )

The gravitational equations, under the same assumptions, lead to two additional con-
straints, namely

0. (4.44)

2 4/ -
A_Aeff_i_Aehc—rgb((ﬁ/_lfiA—efff): 7 (445)
12 r
4 . 3¢/ Aeppr? 16A. ;1 f
A_Aeff_nggffTQ (¢,/+%¢> _%QﬁQ(l—f—Tfﬁ) =0. (4.46)

Contrary to what happens close to the horizons (either black-hole or cosmological
ones), the form of the coupling function f(¢) now affects the asymptotic form of the
scalar field at large distances. The easiest case is that of a linear coupling function,
f(¢) = a¢ - that case was first studied in [294,296], however, we review it again in the
context of our analysis as it will prove to play a more general role. The scalar field, at
large distances, may be shown to have the approximate form

d d
qﬁ(r):gboo—i—dllnr—i—r—;—l—r—;—i—..., (4.47)

where again (¢., d1,ds, d3) are arbitrary constant coefficients. The coefficients d; and
Acrr may be determined through the first-order constraints (4.44) and (4.45), respec-
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tively, and are given by

8 80042Agff
dl = gOéAeff, Aeff 3+ T =3A. (4.48)

The third first-order constraint, Eq. (4.46), is then trivially satisfied. In order to deter-
mine the values of the remaining coefficients, one needs to derive higher-order constraints.
For example, the coefficients k, ¢; and dy are found at third-order approximation to have
the forms

- ) q1 = )
81+ 1008 a2A2;, + 2560 oA, (9+32a2A2;,) (9+ 80a2AZ;,)

4A4
b 120 (27 + 288 %A, +512a'Aly ) (4.49)
81+ 1008 a?AZ,; + 2560 a?AZ,, |

while for ¢ or ds one needs to go even higher. In contrast, the coefficient M remains
arbitrary and may be interpreted as the gravitational mass of the solution.

In the perturbative limit (i.e. for small values of the coupling constant « of the GB
term), one may show that the above asymptotic solution is valid for all forms of the
coupling function f(¢). Indeed, if we write

O(r) = o+ Y _a"¢n(r), (4.50)

and define f(¢) = « f (¢), then, at first order, fe~af (¢o). Therefore, independently of
the form of f(¢), at first order in the perturbative limit, f is a constant, as in the case of
a linear coupling function. Then, a solution of the form of Eqs. (4.42)-(4.43) and (4.47)
is easily derived ? with a in Eqgs. (4.48) and (4.49) being now replaced by f(¢y).

For arbitrary values of the coupling constant «, though, or for a non-linear coupling
function f(¢), the approximate solution described by Eqs. (4.42), (4.43) and (4.47) will
not, in principle, be valid any more. Unfortunately, no analytic form of the solution at
large distances may be derived in these cases. However, as we will see in section 4.3,
numerical solutions do emerge with a non-trivial scalar field and an asymptotic Anti-de
Sitter-type behaviour at large distances. These solutions are also characterised by a
finite GB term and finite, constant components of the energy-momentum tensor at the
far asymptotic regime.

2In the perturbative limit, at first order, one finds d; = 8Af(¢o)/3, Ajr=Ak=1¢ =0, and
dy = —4f(¢o).

120
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4.2.3 Thermodynamical Analysis

In this subsection, we calculate the thermodynamical properties of the sought-for black-
hole solutions, namely their temperature and entropy. The first quantity may be easily
derived by using the following definition [331,332]

kn

1
a 271— (\/ |gttgr7“

that relates the black-hole temperature 1" to its surface gravity kj;. Note that the above
formula has exactly the same form with the corresponding equation for the case of the
asymptotically flat solutions, Eq. (3.30), since our solutions are spherically-symmetric.
In the previous chapter we calculated the horizon entropy by using the Euclidean ap-
proach Eq. (3.29). However, in the case of a non-asymptotically-flat behaviour, the
above method needs to be modified: in the case of a de-Sitter-type asymptotic solution,
the Euclidean action needs to be integrated only over the causal spacetime r, < r < 7.
whereas, for an Anti-de Sitter-type asymptotic solution, the Euclidean action needs to be
regularised [335,336], by subtracting the diverging, ‘pure’ AdS-spacetime contribution.

Alternatively, one may employ the Noether current approach developed in [337] to
calculate the entropy of a black hole. In this, the Noether current of the theory under
diffeomorphisms is determined, with the Noether charge on the horizon being identified
with the entropy of the black hole. In [338], the following formula was finally derived for

the entropy
- —2 2 a Ac ) 4 2
71]{d z\/h (aRade> €ab €cd (4.52)

where £ is the Lagrangian of the theory, €,, the binormal to the horizon surface H, and
h(2) the 2-dimensional projected metric on H. The equivalence of the two approaches has
been demonstrated in [336], in particular in the context of theories that contain higher-
derivative terms such as the GB term. Here, we will use the Noether current approach
to calculate the entropy of the black holes as it leads faster to the desired result.

To this end, we need to calculate the derivatives of the scalar gravitational quantities,
appearing in the Lagrangian of our theory (4.1), with respect to the Riemann tensor. In
Appendix B.2, we present a simple way to derive those derivatives. Then, substituting
in Eq. (4.52), we obtain

— —]{dQ \/7{ g% — gged) + f(¢) [2Rabcd+

_9 (gacRbd N gbcRad adec + gbdRac) +R ( ac bd gbcgad) i| } éab €cd . (453)
H

(4.51)

dgtt
A

)_m
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The first term inside the curly brackets of the above expression comes from the variation
of the Einstein-Hilbert term and leads to:

1 ~  ra ~  ~ba
S = 16 dgx\/h(g) (eabe b el ) (4.54)

We recall that é,, is antisymmetric, and, in addition, satisfies é,, €%® = —2. Therefore,

we easily obtain the result
A
S = TH‘ (4.55)

where Ay = 47r? is the horizon surface. The remaining terms in Eq. (4.53) are all
proportional to the coupling function f(¢) and follow from the variation of the GB term.
To facilitate the calculation, we notice that, on the horizon surface, the binormal vector
is written as: €u = /—goo 911, (520, — 6,05). This means that we may alternatively

write:
]l)’abcd H b H Ell)/olol H ' ‘

Therefore, the terms proportional to f(¢) may be written as

1 o
SQ = — 5 f(¢) doo 911|,H fdQZL‘ h(2) |:2R0101

—9 (gOORH _ g1oRo1 o go1R10 + gHROO) + goognR} . (4.57)
H

To evaluate the above integral, we will employ the near-horizon asymptotic solution
(4.30)-(4.32) for the metric functions and scalar field. The asymptotic values of all
quantities appearing inside the square brackets above are given in Appendix B.2. Sub-
stituting in Eq. (4.57), we straightforwardly find

Sy = LAyt 0. (4.58)

Ty

Combining the expressions (4.55) and (4.58), we finally derive the result

Sp = % + 4 f(on) . (4.59)
The above describes the entropy of a GB black hole arising in the context of the theory
(4.1), with a general coupling function f(¢) between the scalar field and the GB term,
and a cosmological constant term. We observe that the above expression matches the
one derived in the previous chapter Eq. (3.32) [1,2] in the context of the theory (4.1)
but in the absence of the cosmological constant. This was, in fact, expected on the basis
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of the more transparent Noether approach used here: the A term does not change the
overall topology of the black-hole horizon and it does not depend on the Riemann tensor;
therefore, no modifications are introduced to the functional form of the entropy of the
black hole due to the cosmological constant. However, the presence of A modifies in a
quantitative way the properties of the black hole and therefore the value of the entropy,
and temperature, of the found solutions.

4.3 Numerical Solutions

4.3.1 Anti-de Sitter Gauss-Bonnet Black Holes

In order to construct the complete black-hole solutions in the context of the theory
(4.1), i.e. in the presence of both the GB and the cosmological constant terms, we
need to numerically integrate the system of Eqs. (4.15)-(4.16). The integration starts
at a distance very close to the horizon of the black hole, i.e. at r =~ r;, + O(107°) (for
simplicity, we set 7, = 1). The metric function A and scalar field ¢ in that regime
are described by the asymptotic solutions (4.30) and (4.32). The input parameter ¢,
is uniquely determined through Eq. (4.24) once the coupling function f(¢) = a.f(¢) is
selected and the values of the remaining parameters of the model near the horizon are
chosen. These parameters appear to be «a, ¢, and A. However, the first two are not
independent: since it is their combination af (¢n) that determines the strength of the
coupling between the GB term and the scalar field, a change in the value of one of them
may be absorbed in a corresponding change to the value of the other; as a result, we
may fix a and vary only ¢,. The values of ¢, and A also cannot be totally uncorrelated
as they both appear in the expression of C, Eq. (4.25), that must always be positive;
therefore, once the value of the first is chosen, there is an allowed range of values for the
second one for which black-hole solutions arise. This range of values are determined by
the inequalities f7 < f2 and f? > f? according to Eq. (4.27), and lead in principle to
two distinct branches of solutions. In fact, removing the square, four branches emerge
depending on the sign of f,. However, in what follows we will assume that f;, > 0, and
thus study the two regimes fh < f_ and fh > f+; similar results emerge if one assumes
instead that f, < 0.

Before starting our quest for black holes with an (Anti)-de Sitter asymptotic be-
haviour at large distances, we first consider the case with A = 0 where upon we success-
fully reproduce the families of asymptotically-flat back holes derived in [1,2]. Then, for
given values of the coupling constant a we select all the values of A that validate the
constraint (4.25) and look for novel black-hole solutions. In this section we consider only
solutions with negative cosmological constant A < 0 and thus we expect them to have
an anti-de-Sitter behavior at infinity.
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Figure 4.1: (a) The metric components |gx| and g¢,., and (b) the Gauss-Bonnet term
RZp in terms of the radial coordinate r, for f(¢) = ae™?.

4.3.1.1 Exponential coupling function

As mentioned above, the integration starts from the near-horizon regime with the asymp-
totic solutions (4.30) and (4.32), and it proceeds towards large values of the radial coordi-
nate until the form of the derived solution for the metric resembles, for A < 0, the asymp-
totic solution (4.42)-(4.43) describing an Anti-de Sitter-type background. The arbitrary
coefficient a;, that does not appear in the field equations, may be fixed by demanding
that, at very large distances, the metric functions satisfy the constraint e ~ e=#. We
have considered a large number of forms for the coupling function f(¢), and, as we will
now demonstrate, we have managed to produce a family of regular black-hole solutions
with an Anti-de Sitter asymptotic behaviour, for every choice of f(¢).

We will first discuss the case of an exponential coupling function, f(¢) = ae=®. The
solutions for the metric functions e4) and e are depicted in Fig. 4.1(a). We may
easily see that the near-horizon behaviour, with ¢4 vanishing and e?) diverging, is
eventually replaced by an Anti-de Sitter regime with the exactly opposite behaviour
of the metric functions at large distances. The solution presented corresponds to the
particular values A = —1 (in units of T;Q), a = 0.1 and ¢, = 1, however, we obtain the
same qualitative behaviour for every other set of parameters satisfying the constraint *
fn < f_, that follows from Eq. (4.25). The spacetime is regular in the whole radial

regime, and this is reflected in the form of the scalar-invariant Gauss-Bonnet term: this

is presented in Fig. 4.1(b), for @ = 0.01, ¢, = 1 and for a variety of values of the

3Here, we do not present black-hole solutions that satisfy the alternative choice f > f+ since
this leads to solutions plagued by numerical instabilities, that prevent us from deducing their physical

properties in a robust way. The same ill-defined behaviour of this second branch of solutions with very
small horizon radii was also found in [294, 296].
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Figure 4.2: (a) The energy-momentum tensor 7}, and (b) the scalar field ¢ in terms of
the radial coordinate r, for f(¢) = ae™?.

cosmological constant. We observe that the GB term acquires its maximum value near
the horizon regime, where the curvature of spacetime is larger, and reduces to a smaller,
constant asymptotic value in the far-field regime. This asymptotic value is, as expected,
proportional to the cosmological constant as this quantity determines the curvature of
spacetime at large distances.

Although in Section 4.2.2.2, we could not find the analytic form of the scalar field
at large distances from the black-hole horizon for different forms of the coupling func-
tion f(¢), our numerical results ensure that its behaviour is such that the effect of the
scalar field at the far-field regime is negligible, and it is only the cosmological term that
determines the components of the energy-momentum tensor. In Fig. 4.2(a), we display
all three components of T# over the whole radial regime, for the indicative solution
A=—-1,a=0.1and ¢, = 1. Far away from the black-hole horizon, all components
reduce to —A, in accordance with Eqs. (4.8)-(4.10), with the effect of both the scalar
field and the GB term being there negligible. Near the horizon, and according to the
asymptotic behaviour given by Eqs. (4.33)-(4.35), we always have T". ~ T",, since, at
r o~ r,, A ~ —B’; also, the T% component always has the opposite sign to that of 77,
since A” ~ — A", This qualitative behaviour of T# remains the same for all forms of the
coupling function we have studied and for all solutions found, therefore we refrain from
giving additional plots of this quantity for the other classes of solutions found.

From the results depicted in Fig. 4.2(a), we see that, near the black-hole horizon,
we always have 7" ~ T% > 0. Comparing this behaviour with the asymptotic forms
(4.33)-(4.35), we deduce that, close to the black-hole horizon where A" > 0, we must
have (¢’ f Jn < 0. In the case of vanishing cosmological constant, the negative value of
this quantity was of paramount importance for the evasion of the no-hair theorem [22]
and the emergence of novel, asymptotically-flat black-hole solutions [1,2]. We observe
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that also in the context of the present analysis with A # 0, this quantity turns out to
be again negative, and to lead once again to novel black-hole solutions. Coming back
to our assumption of a decreasing exponential coupling function and upon choosing to
consider a > 0, the constraint (¢'f), < 0 means that ¢}, > 0 independently of the value
of ¢p. In Fig. 4.2(b), we display the solution for the scalar field in terms of the radial
coordinate, for the indicative values of a = 0.1, ¢, = 0.5 and for different values of
the cosmological constant. The scalar field satisfies indeed the constraint ¢; > 0 and
increases away from the black-hole horizon*. At large distances, we observe that, for
small values of the cosmological constant, ¢(r) assumes a constant value; this is the
behaviour found for asymptotically-flat solutions [1,2] that the solutions with small A
are bound to match. For increasingly larger values of A though, the profile of the scalar
field deviates significantly from the series expansion in powers of (1/r) thus allowing for
a r-dependent ¢ even at infinity — in the perturbative limit, as we showed in the previous
section, this dependence is given by the form ¢(r) ~ d; Inr.

4.3.1.2 Polynomial coupling functions

We will now consider the case of an even polynomial coupling function of the form
f(¢) = ag® with n > 1. The behaviour of the solution for the metric functions matches
the one depicted ® in Fig. 4.1(a). The same is true for the behaviour of the GB term and
the energy-momentum tensor, whose profiles are similar to the ones displayed in Figs.
4.1(b) and 4.2(a), respectively. The positive-definite value of 7" near the black-hole
horizon implies again that, there, we should have ( fo' Jn < 0, or equivalently ¢} < 0,
for a > 0. Indeed, two classes of solutions arise in this case: for positive values of ¢y,
we obtain solutions for the scalar field that decrease away from the black-hole horizon,
while for ¢, < 0, solutions that increase with the radial coordinate are found. In Fig.
4.3(a), we present a family of solutions for the case of the quadratic coupling function
(i.e. n=1), for ¢, = —1 and o = 0.01, arising for different values of A — since ¢, < 0,
the scalar field exhibits an increasing behavior as expected.

Let us examine next the case of an odd polynomial coupling function, f(¢) = ag***!
with n > 0. The behaviour of the metric functions, GB term and energy-momentum
tensor have the expected behaviour for an asymptotically AdS background, as in the
previous cases. The solutions for the scalar field near the black-hole horizon are found
to satisfy the constraint a(¢?"¢'), < 0 or simply ¢, < 0, when o > 0. As this holds

4A complementary family of solutions arises if we choose a < 0, with the scalar profile now satisfying
the constraint ¢}, < 0 and decreasing away from the black-hole horizon.

5Let us mention at this point that, for extremely large values of either the coupling constant « or the
cosmological constant A, that are nevertheless allowed by the constraint (4.25), solutions that have their
metric behaviour deviating from the AdS-type form (4.42)-(4.43) were found; according to the obtained
behaviour, both metric functions seem to depend logarithmically on the radial coordinate instead of
polynomially. As the physical interpretation of these solutions is not yet clear, we omit these solutions
from the remaining of our analysis.
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Figure 4.3: The scalar field ¢ in terms of the radial coordinate r, (a) for f(¢) = a¢?,
and (b) for f(¢) = ag?.

independently of the value of ¢y, all solutions for the scalar field are expected to decrease
away from the black-hole horizon. Indeed, this is the profile depicted in Fig. 4.3(b) where
a family of solutions for the indicative case of a qubic coupling function (i.e. n = 1) is
presented for ao = 0.1, ¢, = 0.1 and various values of A.

The case of an inverse polynomial coupling function, f(¢) = a¢~*, with k either
an even or odd positive integer, was also considered. For odd k, i.e. k = 2n + 1, the
positivity of 7" near the black-hole horizon demands again that (f¢'), < 0, or that
—a/¢* ¢’ < 0. For a > 0, the solution for the scalar field should thus always satisfy
¢}, > 0, regardless of our choices for ¢, or A. As an indicative example, in Fig. 4.4(a),
we present the case of f(¢) = a/¢ with a family of solutions arising for o = 0.1 and
¢n = 2. The solutions for the scalar field clearly satisfy the expected behaviour by
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Figure 4.4: The scalar field ¢ in terms of the radial coordinate r, (a) for f(¢) = a/¢,
and (b) for f(¢) = alne¢.
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decreasing away from the black-hole horizon. On the other hand, for even k, i.e. k = 2n,
the aforementioned constraint now demands that ¢, ¢}, < 0. As in the case of the odd
polynomial coupling function, two subclasses of solutions arise: for ¢, > 0, solutions
emerge with ¢, < 0 whereas, for ¢, < 0, we find solutions with ¢, > 0. The profiles
of the solutions in this case are similar to the ones found before, with ¢ approaching,
at large distances, an almost constant value for small A but adopting a more dynamical
behaviour as the cosmological constant gradually takes on larger values.

4.3.1.3 Logarithmic coupling function

As a final example of another form of the coupling function between the scalar field and
the GB term, let us consider the case of a logarithmic coupling function, f(¢) = a/ln ¢.
Here, the condition near the horizon of the black hole gives a¢’/¢ < 0, therefore, for
a > 0, we must have ¢}, ¢, < 0; for ¢, > 0, this translates to a decreasing profile for the
scalar field near the black-hole horizon. In Fig. 4.4(b), we present a family of solutions
arising for a logarithmic coupling function for fixed o = 0.01 and ¢, = 1, while varying
the cosmological constant A. The profiles of the scalar field agree once again with the
one dictated by the near-horizon constraint, and they all decrease in that regime. As
in the previous cases, the metric functions approach asymptotically an Anti-de Sitter
background, the scalar-invariant GB term remains everywhere regular, and the same is
true for all components of the energy-momentum tensor that asymptotically approach
the value —A.

4.3.1.4 Effective potential and physical characteristics

It is of particular interest to study also the behaviour of the effective potential of the
scalar field, a role that in our theory is played by the GB term together with the coupling
function, i.e. |V,| = f (¢) R% 5. In Fig. 4.5(a), we present a combined graph that displays
its profile in terms of the radial coordinate, for a variety of forms of the coupling function
f(¢). As expected, the potential V;, takes on its maximum value always near the horizon
of the black hole, where the GB term is also maximized and thus sources the non-trivial
form of the scalar field. On the other hand, as we move towards larger distances, Vj
reduces to an asymptotic constant value. Although this asymptotic value clearly depends
on the choice of the coupling function, its common behaviour allows us to comment on the
asymptotic behaviour of the scalar field at large distances. Substituting a constant value
Vs in the place of V;, in the scalar-field equation (4.11), we arrive at the intermediate
result

0, [eNB22g] = —eAtBI2p2 Y (4.60)

Then, employing the asymptotic forms of the metric functions at large distances (4.42)-
(4.43), the above may be easily integrated with respect to the radial coordinate to yield
a form for the scalar field identical to the one given in Eq. (4.47). We may thus
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Figure 4.5: (a) The effective potential Vj, of the scalar field, in terms of the radial
coordinate, and (b) the coefficient d; in terms of the mass M, for various forms of f(¢).

conclude that the logarithmic form of the scalar field may adequately describe its far-
field behaviour even beyond the perturbative limit of very small «.

We now proceed to discuss the physical characteristics of the derived solutions. Due
to the large number of solutions found, we will present, as for V4, combined graphs for
different forms of the coupling function f(¢). Starting with the scalar field, we notice
that no conserved quantity, such as a scalar charge, may be associated with the solution
at large distances in the case of asymptotically Anti-de Sitter black holes: the absence of
an O(1/r) term in the far-field expression (4.47) of the scalar field, that would signify the
existence of a long-range interaction term, excludes the emergence of such a quantity,
even of secondary nature. One could attempt instead to plot the dependence of the
coefficient dy, as a quantity that predominantly determines the rate of change of the
scalar field at the far field, in terms of the mass of the black hole. This is displayed
in Fig. 4.5(b) for the indicative value A = —0.1 of the cosmological constant. We
see that, for small values of the mass M, this coefficient takes in general a non-zero
value, which amounts to having a non-constant value of the scalar field at the far-field
regime. As the mass of the black hole increases though, this coefficient asymptotically
approaches a zero value. Therefore, the rate of change of the scalar field at infinity for
massive GB black holes becomes negligible and the scalar field tends to a constant. This
is the ‘Schwarzschild-AdS regime’, where the GB term decouples from the theory and
the scalar-hair disappears - the same behaviour was observed also in the case of the
asymptotically-flat GB black holes studied in the previous two chapters [1,2] where, in
the limit of large mass, all of our solutions merged with the Schwarzschild ones.

We present next the ratio of the horizon area of our solutions compared to the horizon
area of the SAdS one with the same mass, for the indicative values of the negative
cosmological constant A = —0.001 and A = —0.1 in the two plots of Fig. 4.6. These
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Figure 4.6: The area ratio Agp/Asaqs of our solutions as a function of the mass M of
the black hole, for various forms of f(¢), (a) for A = —0.001 and (b) A = —0.1.

plots provide further evidence for the merging of our GB black-hole solutions with the
SAdS solution in the limit of large mass. The left plot of Fig. 4.6 reveals that, for small
cosmological constant, all our GB solutions remain smaller than the scalar-hair-free SAdS
solution independently of the choice for the coupling function f(¢) - this is in complete
agreement with the profile found in the asymptotically-flat case [1,2]. This behaviour
persists for even larger values of the negative cosmological constant for all classes of
solutions apart from the one emerging for the logarithmic function whose horizon area
is significantly increased in the small-mass regime, as may be seen from the right plot
of Fig. 4.6. These plots verify also the termination of all branches of solutions at the
point of a minimum horizon, or minimum mass, that all our GB solutions exhibit as a
consequence of the inequality (4.25). We also observe that, as hinted by the small-A
approximation given in Eq. (4.27), an increase in the value of the negative cosmological
constant pushes upwards the lowest allowed value of the horizon radius of our solutions.

We now move to the thermodynamical quantities of our black-hole solutions. We start
with their temperature 7" given by Eq. (4.51) in terms of the near-horizon coefficients
(ay,b1). In Fig. 4.7(a), we display its dependence in terms of the cosmological constant
A, for several forms of the coupling function. We observe that T increases, too, with
|A|; we thus conclude that the more negatively-curved the spacetime is, the hotter the
black hole, that is formed, is. Note that the form of the coupling function plays almost
no role in this relation with the latter thus acquiring a universal character for all GB
black-hole solutions. The dependence of the temperature of the black hole on its mass,
as displayed in Fig. 4.7(b), exhibits a decreasing profile, with the obtained solution being
colder the larger its mass is. For small black-hole solutions, the exact dependence of T
on M depends on the particular form of the coupling function but for solutions with
a large mass its role becomes unimportant as a common ‘Schwarzschild-AdS regime’ is
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Figure 4.7: (a) The temperature 7" of the black hole as a function of the cosmological
constant A and (b) the mass M of the black hole, for various forms of f(¢).

again approached.

Let us finally study the entropy of the derived black-hole solutions. In Fig. 4.8, we
display the ratio of the entropy of our GB solutions over the entropy of the corresponding
Schwarzschild-Anti-de Sitter solution with the same mass, for the same indicative values
of the negative cosmological constant as for the horizon area. i.e. for A = —0.001 (left
plot) and A = —0.1 (right plot). We observe that the profile of this quantity depends
strongly on the choice of the coupling function f(¢), for solutions with small masses,
whereas in the limit of large mass, where our solutions reduce to the SAdS ones, this
ratio approaches unity as expected. For small values of A, the left plot of Fig. 4.8 depicts
a behaviour similar to the one found in the asymptotically-flat case [1,2]: solutions
emerging for the linear and the quadratic coupling functions exhibit smaller entropy
compared to the SAdS one, while solutions for the exponential, logarithmic and inverse-
linear coupling functions lead to GB black holes with a larger entropy over the whole
mass range or for particular mass regimes. As we increase the value of the cosmological
constant (see right plot of Fig. 4.8), the entropy ratio is suppressed for all families of GB
black holes apart from the one emerging for the logarithmic coupling function, which
exhibits a substantial increase in this quantity over the whole mass regime. Together
with the solutions for the exponential and inverse-linear coupling functions, they have an
entropy ratio larger than unity while this ratio is now significantly lower than unity for
all the other polynomial coupling functions. Although the question of the stability of the
derived solutions is an important one and must be independently studied for each family
of solutions found, the entropy profiles presented above may provide some hints regarding
the thermodynamical stability of our solutions compared to the Schwarzschild-Anti-de
Sitter ones.
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Figure 4.8: The entropy ratio Sgp/Ssaqs of our solutions as a function of the mass M
of the black hole, for various forms of f(¢), (a) for A = —0.001 and (b) A = —0.1.

4.3.2 de Sitter Gauss-Bonnet Black Holes

We now address the case of a positive cosmological constant, A > 0. In order to find
solutions with a positive cosmological constant we use a slightly different form for the
metric

1
ds? = —e 2O N(r)dt? + N )dr2 +1r3(d0” + sin® 0 dp?) , (4.61)
T
with 5 A
Ny =1- 20 37 (4.62)
T

Using the expansions near the horizon (4.30)-(4.32) it is easy to find the corresponding
asymptotic expressions for the new metric functions

m(r) = 5 — % tmi(r—r) + O ((r =),  8(r) =8 +O(r—r), (4.63)

h+ 200, f (&)

The expansion for the scalar field Eq. (4.32) and the regularity constraint Eq. (4.24)
remain unchanged. We start our integration process at a distance close to the black-
hole horizon, using the asymptotic solutions (4.32) and (4.63)-(4.64) and choosing ¢y, to
satisfy again the regularity constraint (4.24). The coupling function f(¢) is assumed to
take on a variety of forms — namely exponential, even and odd polynomial, inverse even
and odd polynomial, and logarithmic forms — as in the case of the negative cosmological
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Figure 4.9: (a) The metric functions |gy| and g, of the spacetime and (b) the Gauss-
Bonnet term R%j in terms of the radial coordinate r, for a positive cosmological constant
and coupling function f(¢) = ae™?.

constant. The numerical integration then proceeds outwards to meet the corresponding
asymptotic solution near the cosmological horizon.

In Fig. 4.9(a) we depict the metric functions of a Gauss-Bonnet black-hole solution
with a positive cosmological constant for the exponential coupling function. We note
that both the metric functions have the anticipated behavior at the two asymptotic
regions. The spacetime is asymptotically de Sitter and the location of the cosmological
horizon for A = 0.05 is calculated numerically at r./r, = 7.1967. The regularity of the
spacetime is confirmed by the finiteness of the Gauss-Bonnet term at both horizons and
in the intermediate radial regime as depicted in Fig. 4.9(b). The de Sitter spacetime has
a constant curvature everywhere given by Eq. (1.94) while the Gauss-Bonnet term near
the cosmological horizon has the form R%; ~ 8A?/3. The plateau in the form of the
Gauss-Bonnet term near the cosmological horizon in Fig. 4.9(b) also verifies the de Sitter
behavior of the spacetime there. Finally, the validity of the expression R% 5 ~ 8A?/3 has
been also verified numerically for our solutions.

The form of the scalar field is presented in Fig. 4.10(a). We observe that while the
scalar field is regular at the horizon of the black hole, it diverges at the cosmological
horizon. Nevertheless, the energy-momentum tensor shown in Fig. 4.10(b) is everywhere
regular as is also the scalar invariant Gauss-Bonnet term. Using the small-a (large mass)
approximation, we may investigate the divergence of the scalar field analytically. If the
coupling constant is small (a/r? < 1) we may find perturbative solutions around the
Schwarzschild-de Sitter solution of the form

Gi = — (1 — % — %ﬂ) (1 + i aiAi(r)> , (4.65)
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Figure 4.10: (a) The scalar field ¢ and (b) the components of the energy momentum
tensor in terms of the radial coordinate r, for a positive cosmological constant and
coupling function f(¢) = ae™?.

Grr = (1 - % — %ﬂ) B (1 + 2 o/Bi(r)> : (4.66)

6(r) = do + 3 a'oi(r). (4.67)

By replacing the above expressions into the field equations and by performing the ex-
pansion we find that the field equations are satisfied with the first corrections of the
metric functions being A; = 0 and B; = 0. The first correction of the scalar field ¢; has
a complicated form, however its first derivative is simpler and is given by

_ 3Car® +38 f(do) (A2r® — 18M2)

o1(r) 3rt (Ar3 +6M — 3r) ’

(4.68)

where C' is an integration constant. We observe that for a positive cosmological constant,
the above equation diverges at both horizons. By fixing the value of the integration
constant C' we may remove the divergence from the black-hole horizon but we cannot
remove it simultaneously from the cosmological horizon. A physical divergence in the
scalar field would result to a divergence in the trace of the energy momentum tensor
making our spacetime singular. However we already know from Fig. 4.10(b) that the
energy-momentum tensor is everywhere regular. We can easily interpret this behavior by
looking at the Einstein’s field equations G, = T),,: for our solutions Eqs. (4.65)-(4.66),
the left part of the Einstein’s field equations G, is everywhere regular (between the
two horizons). Since Eq. (4.68) is a solution of the Einstein’s field equations and G,
is everywhere regular, the energy-momentum tensor 7),, should be also regular. Similar
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results have been found for all the other forms of the coupling function f(¢) that we
have considered. The case of the positive cosmological constant was also investigated
in [295] where solutions with an asymptotic de Sitter behavior were found exhibiting
also a scalar-field singularity at a point beyond the cosmological horizon. Also, in the
context of the EsGB theory, particle-like solutions with a diverging scalar field at the
origin and a regular energy-momentum tensor were found in [298,299].

4.4 Discussion

In this chapter, we have extended the analysis of the previous two chapters [1,2], on the
emergence of novel, regular black-hole solutions in the context of the Einstein-scalar-
Gauss-Bonnet theory, to include the presence of a positive or negative cosmological
constant. Since the uniform distribution of energy associated with the cosmological
constant permeates the whole spacetime, we expected A to have an effect on both the
near-horizon and far-field asymptotic solutions. Indeed, our analytical calculations in
the small-r regime revealed that the cosmological constant modifies the constraint that
determines the value of ¢} for which a regular, black-hole horizon forms. In addition, it
was demonstrated that such a horizon is indeed formed, for either positive or negative
A and for all choices of the coupling function f(¢).

In contrast, the behaviour of the solution in the far-field regime depended strongly on
the sign of the cosmological constant. For A > 0, a second horizon, the cosmological one,
was expected to form at a distance r. > rj,, whereas for A < 0, an Anti-de Sitter type of
solution was sought for at asymptotic infinity. Both types of solutions were analytically
shown to be admitted by the set of our field equations at the limit of large distances, thus
opening the way for the construction of complete black-hole solutions with an (Anti)-de
Sitter asymptotic behaviour.

The complexity of the field equations prevented us from constructing such a solution
analytically, therefore we turned to numerical analysis. Using our near-horizon analytic
solution as a starting point, we integrated the set of field equations from the black-hole
horizon and outwards. For a negative cosmological constant (A < 0), we demonstrated
that regular black-hole solutions with an Anti-de Sitter-type asymptotic behaviour arise
with the same easiness that their asymptotically-flat counterparts emerge. We have
produced solutions for an exponential, polynomial (even or odd), inverse polynomial
(even or odd) and logarithmic coupling function between the scalar field and the GB
term. In each and every case, once f(¢) was chosen, selecting the input parameter ¢ to
satisfy the regularity constraint (4.24) and the second input parameter ¢, to satisfy the
inequality (4.25) a regular black hole solution always emerged. The metric components
exhibited the expected behaviour near the black-hole and asymptotic infinity with the
scalar invariant GB term being everywhere regular. All solutions possessed non-trivial
scalar hair, with the scalar field having a non-trivial profile both close to and far away
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from the black-hole horizon. For small negative values of A, we recovered the power-law
fall-off of the scalar field at infinity, found in the asymptotically-flat case [1,2] whereas
for large negative values of A the profile of ¢ was dominated by a logarithmic dependence
on the radial coordinate. This behaviour was analytically shown to emerge both in the
linear coupling-function case and in the perturbative limit, in terms of the coupling
parameter «, but it was numerically found to accurately describe all of our solutions at
large distances.

The absence of a (1/r)-term in the expression of the scalar field at large distances
excludes the presence of a scalar charge, even a secondary one. The coefficient d; in
front of the logarithmic term in the expression of ¢ can give us information on how
much the large-distance behaviour of the scalar field deviates from the power-law one
valid in the asymptotically-flat case. We have found that this deviation is stronger for
GB black holes with a small mass whereas the more massive ones have a d; coefficient
that tends to zero. The temperature of the black holes was found to increase with the
cosmological constant independently of the form of the coupling function. The latter
plays a more important role in the relation of 7" with the black-hole mass: while the
temperature decreases with M for all classes of solutions found, the lighter ones exhibit
a stronger dependence on f(¢). The same dependence on the form of the coupling
function is observed in the entropy and horizon area of our solutions. For small masses,
the entropy of each class of solutions has a different behaviour, with the ones for the
exponential, inverse-linear polynomial and logarithmic coupling functions exhibiting a
ratio Sgp/Ssaas (over the entropy of the Schwarzschild-Anti-de Sitter black hole with
the same mass) larger than unity for the entire mass range, for large values of A. This
feature hints towards the enhanced thermodynamical stability of our solutions compared
to their General Relativity (GR) analogues. In the limit of large mass, the entropy of
all classes of our solutions tend to the one of the Schwarzschild-Anti-de Sitter black
hole with the same mass. The same holds for the horizon area: while for small masses,
each class has its own pattern with M, will all solutions being smaller in size than the
corresponding SAdS one apart from the logarithmic case, for large masses all black-hole
solutions match the horizon area of the SAdS solution.

Based on the above, we conclude that our GB black-hole solutions with a negative
cosmological constant smoothly merge with the SAdS ones, in the large mass limit. As
in the asymptotically-flat case, it is the small-mass range that provides the characteristic
features for the GB solutions. These solutions have a modified dependence of both their
temperature and horizon area on their mass compared to the SAdS solution. Another
characteristic is also the minimum horizon, or minimum mass, that all our GB solutions
possess due to the inequality (4.25). Finally, we have demonstrated that the general
classes of theories that contain the GB term and lead to novel black-hole solutions,
continue to do so even in the presence of a negative cosmological constant in the theory.
A further investigation is clearly necessary since the relevance of the GB solutions with an
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Anti-de Sitter-type asymptotic solution in the context of the AdS-CFT correspondence
should be inquired.

Finally, for the case of the positive cosmological constant A > 0 we also found
numerically asymptotically de Sitter solutions for black holes. While these solutions are
characterized by regular metric functions at both horizons, the solution for the scalar field
diverges at the cosmological horizon. However, the components of the energy momentum
tensor are everywhere regular. In order to investigate further the behavior of the scalar
field we used the small—a approximation in order to construct analytic solutions. We
found that the regularity of the metric ensures the regularity of the energy momentum
tensor. The observable quantities of our solutions are the components of the energy
momentum tensor and not the value of the scalar field. Therefore, since the divergence
of the scalar field does not affect the observable quantities of the spacetime we conclude
that this behavior is not problematic.
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Chapter 5

Novel Einstein—scalar-GGauss-Bonnet
wormholes without exotic matter

5.1 Introduction

A particularly interesting property emerging in the EdGB solutions is the presence of
regions with negative effective energy density — this is due to the presence of the higher-
curvature GB term and is therefore of purely gravitational nature [23,24,138]. Conse-
quently, the EAGB theory allows for Lorentzian, traversable wormhole solutions without
the need for exotic matter [138,147]. It is tempting to conjecture that the more general
EsGB theories should also allow for traversable wormhole solutions. Indeed, traversable
wormholes require violation of the energy conditions [139,140]. But whereas in General
Relativity this violation is typically achieved by a phantom field [141-146], in EdGB
theories it is the effective stress-energy tensor that allows for this violation [138,147].

Thus, in this chapter, we consider a general class of EsGB theories with an arbitrary
coupling function for the scalar field. We first readdress the case of the exponential
coupling function, and show that the EAGB theory is even richer than previously thought,
since it features also wormhole solutions with a double throat and an equator in between.
Then, we consider alternative forms of the scalar coupling function, and demonstrate that
the EsGB theories always allow for traversable wormhole solutions, featuring both single
and double throats. The scalar field may vanish or be finite at infinity, and it may
have nodes. We also map the domain of existence (DOE) of these wormholes in various
exemplifications, evaluate their global charges and throat areas and demonstrate that
the throat remains open without the need for any exotic matter.

The outline of this chapter is as follows: in section 5.2 we briefly recall EsGB theory
and discuss the throat geometry for single and double throat configurations. We here
present the asymptotic expansions near the throat/equator and in the two asymptotically
flat regions, and we also derive the formulae necessary to study the violation of the energy
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conditions. We present our numerical solutions in section 5.3, and discuss some of their
properties, their domains of existence and the energy conditions. In order to impose
symmetry of the solutions under reflection of the spatial radial coordinate, n — —n, we
study in section 5.4 the junction conditions at the throat/equator, and show that we
can solve these by including only a shell of ordinary matter. In section 5.5 we present
embedding diagrams of the wormhole solutions, and finally we conclude in section 5.7.
The analysis of this chapter is based on [4]

5.2 The Einstein-scalar-Gauss-Bonnet Theory

We consider the same quadratic scalar-tensor theory employed in chapters 2 and 3 and
described by the following effective action

1

S =—
167

P03 | R~ 50,000+ F(0) k. (5.1)
The GB term, a topological invariant in four dimensions, is coupled to the scalar field
through a coupling function F'(¢), that as before will be left arbitrary. Note that, for
notational convenience, we use the capital letter F' to denote the coupling function.

The Einstein and scalar field equations are obtained by variation of the action with
respect to the metric, respectively the scalar field, and have the form of Eqs. (2.2)-(2.4).
Again, we consider only static, spherically-symmetric solutions of the field equations. To
this end, we employ the following line-element

ds® = —eP a2 4 0D Lan? 4 (4 2) (d6° + sin® 0dg?) } . (5.2)

The substitution of the above metric in the Einstein and scalar field equations leads to
three second-order and one first-order ordinary differential equations (ODEs) that are
displayed in Appendix C. Due to the Bianchi identity, only three of these four equations
are independent. In our analysis, we choose to solve the three second-order equations
while the first-order one will serve as a constraint on the unknown quantities fy, f; and

0.

5.2.1 Single and Double-Throat Geometry

In a previous analysis by Kanti, Kleihaus and Kunz [138, 147], traversable wormhole
solutions were determined using the following line-element

ds® = —ePDdt* + p(l) di® + (I + r5) (d6° + sin® 6d?) . (5.3)
The wormhole geometry is characterised by the circumferential radius R, defined as

1 27
Rc = 2_ / AV gtpzp|0:7r/2 d‘P . (54)
™ Jo
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A general property of a wormhole is the existence of a throat. A minimum of R, corre-
sponds to a wormhole throat, whereas a local maximum corresponds to an equator. For
the line-element (5.3), the circumferential radius is R.(l) = /1> +r3. This expression
clearly possesses a minimum at [ = 0, corresponding to a throat of radius ¢, and it does
not allow for a local maximum, i.e. an equator. Consequently, wormholes with only a
throat and no equator were presented in [138, 147].

For the set of coordinates defined in Eq. (5.2), the circumferential radius is expressed
as R.(n) = e/2/n2 + n2. As we will see, this expression allows for the existence of one
or two local minima (i.e. throats) and of a local maximum (i.e. equator). We introduce
the distance variable in a coordinate-independent way as

U] n B
g:i/ v@;dﬁ::/ N2 gy (5.5)
0 0

The conditions for a throat, respectively equator, at n = 0 then read

dR.
dg

d*R.
Y d§2

20, (5.6)

n=0 n=0

where the greater sign (>) refers to a throat and the smaller sign (<) to an equator.
Using the metric (5), these conditions yield

fi(0)=0,  n5 f(0)+220. (5.7)

where the prime denotes derivative with respect to 7. In the degenerate case, when the
throat and equator coincide, the inequalities in Eqs. (5.6) and (5.7) become equalities. If
a throat /equator is located at 7 = 0, then its area is given by A4; . = 47 R%(0) = 4mn2e/(©)
while for a double-throat wormhole with the throat located at n;, A; = 47w R%(n;) =
47(77? 4 ng)efl("h)_

5.2.2 Asymptotic Expansions
5.2.2.1 Expansion near the throat/equator

A traversable wormhole solution is characterised by the absence of horizons or singular-
ities. In order to ensure that this is the case for our solutions, we consider the following
regular expansions for the metric functions and scalar field, near the throat/equator at

n =0,

el = ag (14 an+am®+..), (5.8)
el = by (1+bin+ b+ ...), (5.9)
¢ = dot+ ¢+’ + ... (5.10)
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where ay = €f0’n:0, by = efllnzo are the values of the |gy| and g,, metric components
respectively at the n = 0 value of the radial coordinate. The Lorentzian signature
of spacetime demands that both parameters ag and by must be positive; in addition,
they should be finite and non-vanishing. As discussed in the previous subsection, the
emergence of an extremum in the circumferential radius R, dictates that f{(0) = 0; this
leads to the result by = 0. The (nn) component of the Einstein equations, given in Eq.
(C.2), yields near the throat/equator a constraint equation:

(0 +4) "~ 8fi0/F =0 (5.11)

The remaining three equations may then be solved to express the second-order coefficients
(a2, by, ¢2) in terms of the zero and first-order coefficients in the n-expansions (5.8)-(5.10).
These are found to have the form:
bo 400 F36% (6% + 4) 2 + b (6% + 4) 2 — 128 Fg it
az = . R ) (5 12)
2565301 (b + 47343

by = _M (5.13)
b + 4E5 6T

Ao Ft (0307 + 4) + bing (57 + 4) + 64F5 1 Fy

. . (5.14)
32 (W} + 4F347)

¢s =

From the above expressions, it seems that there are six free parameters in our theory:
the coefficients (ng, ¢, ¢1, ag, bp) and the coupling constant v which is defined through
the relation F(¢) = aF(¢), where F is a dimensionless quantity. However, the actual
number of free parameters is much smaller. First of all, we notice that the field equations
(C.1)-(C.4) are invariant under the simultaneous scaling of the coordinate 7, the constant
1o, and the scalar-field coupling constant «,

n— An, o — Ao , a— Na, (5.15)

where A is an arbitrary constant. Therefore, we may fix 7y, which determines the scale of
the wormhole’s equator/throat, to a specific value, or equivalently introduce a dimension-
less coupling parameter o/n2. We can also fix three of the remaining four parameters by
applying appropriate boundary conditions at infinity. Thus, by demanding asymptotic
flatness, expressed by the conditions

nh_{go 9| = 1, nh_{lolo gm =1, (5.16)

we may fix the ap and by parameters, while the condition lim,_,,, ¢ = ¢ allows us to
fix ¢1. Concluding, the only free parameters in the near-equator/throat area are the
dimensionless coupling constant «/n3 and the value ¢y of the scalar field at n = 0.
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Let us also examine the components of the effective stress-energy-momentum tensor
Eq.(2.4) near the throat/equator. We find:

1 43 [
Ttt: 2 19 2¢1 0‘2 2 O ), (5.17)
bong bgng + 4F5 o1
1
TZ =73 + O (77), (518)
bomg
b2 En (0202 4 4) + 20212 4+ SE242
70— 0o ®1Fo (11991 + 4) + 2bgrg + 8 0¢1+O(77)~ (5.19)

8bo Fng ot + 208
We observe that, as desired, all components of the stress-energy tensor are finite at n = 0,
i.e. at the location of the throat or equator of the solution.

5.2.2.2 Expansion at large distances

As the radial coordinate approaches infinity we expect that the space-time will be flat
and the scalar field constant. Our solutions are expanded in a power series form in terms
of 1/n™:

o= 14y 2, (5.20)
n=1 77”
o= 145 I (5.21)
n=1 77”
oo dn
¢ = ¢m+zn—n. (5.22)
n=1

Substituting the above expansions into the field equations (C.1)-(C.4), we may determine
the unknown coefficients (p,, ¢n,d,) in terms of only two coefficients that remain arbi-
trary: d; = —D, where D is the scalar charge of the wormhole, and p; = —2M, where M
is the Arnowitt-Deser-Misner (ADM) mass of the wormhole. Thus, the number of free
parameters at infinity is also two, similarly to the near-throat/equator regime. We have
calculated the remaining coefficients up to order O(1/r®), and the asymptotic solutions
have the following form:

2 2 2 2
o1 oM N 2M?  M(D? 4 36M* — 12n3)
n n? 24n3
D2M? +12(M* — M*p2 — ADMF.,) 1
o= 5.2
- 1277 " (775) | (5.23)
oM 12M?2 — D? —4n2 M [12(M? — 3n2) — 5D?
el =14 1 ' Mo i [12( ) ]
n 8n 24n3

143



Chapter 5.  Novel Einstein—scalar-Gauss-Bonnet wormholes without exotic matter

N 3D* + D?(96m2 — 104M?) + 48(M* — 24M?n2 + i) 4+ 1536 DM F,
768n*

1

+0 <$) : (5.24)
D D?4+4D(M? —3m3) 4MZ?E, 1

¢:¢OO_E_ 48773 — 7]4 —0—0(%)

We observe that the above solutions have exactly the same form as the corresponding
solutions which describe asymptotically-flat black holes found in chapters 2 and 3 [1,2].
Apparently, the emergence of an asymptotically-flat limit does not depend on the choice
of the boundary condition at the other asymptotic regime i.e. the horizon of a black hole
or the throat/equator of a wormhole. The main difference is that, in the case of black
holes, the mass M and the scalar charge D are related parameters — which makes black
holes a one-parameter family of solutions — while, in the case of wormholes, these two
parameters are independent. Also, the aforementioned asymptotic solutions at infinity
are almost independent of the functional form of the coupling function F(¢), since the
latter does not enter in the expansions earlier than in the fourth order.

Finally, if we make use of the expansions above, we may calculate again the effective
stress-energy tensor components Eq. (2.4) at large distances. These are found to be

T, =-T1=T)=T%~ —¢”/A~ —D*/dn* + O (1/0°) . (5.26)

(5.25)

As we expect, the above expressions have exactly the same form as the corresponding
ones for the asymptotically flat black holes. We observe that, at large distances where
the curvature of spacetime is small, the stress-energy tensor is dominated by the kinetic
term of the scalar field which is itself decaying fast.

5.2.3 Violation of Energy Conditions

In the previous works by Kanti, Kleihaus and Kunz [138,147], it was shown that for any
single-throat wormhole the null energy condition is violated at least in some region near
the throat. Here, we review that analysis, and show that the violation of the null energy
condition also holds for double-throat wormholes.

The null energy condition (NEC) is expressed as T,,n*n” > 0, where n* is any
null vector satisfying the condition n*n, = 0. We may define the null vector as n* =

(1, \/ =9t/ G 0, O) with its contravariant form being n, = (gi, /=g g, 0,0). For a
spherically-symmetric spacetime, the NEC takes the form:

Tuntn” = Tin'ng + T)n"ny = —gu (=T} +T))). (5.27)
Then, the NEC holds if —T} + 77 > 0. Alternatively, we may choose n/ = (1,0,
— it/ 9oe, 0), and a similar analysis leads to the condition —7T} + T, g > 0.
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For a wormbhole solution to emerge, it is essential that these two conditions are vio-
lated [140]. Indeed, using the expansion of the wormhole solution at the throat/equator,
we find
(5.28)

-7} +17] =-2[e/"R!/R.]

Mt,e Nt,e

Consequently, the NEC is always violated at the throat(s), since R, possesses a minimum
there, implying R () > 0, while no violation occurs at the equator, where R (7.) < 0.
For example, for a single-throat solution with the throat at n = 0, we obtain the explicit
expressions

[ 2 h 4F g 2 462 F,
[_Ttt+T’;]]n:0: n 62 BT : 72 412 T ban? 2 2¢1 92 70 (5:29)
" ey +4F2¢ =0 oo bgmy + 4FG o
t 0~ : = - ) :
=02 <e2f1 02+ 4F2¢’2> 2033 + 8F5 ¢
L n=0

where we have used the approximate expressions Eqs. (5.17)-(5.19) near the wormhole
throat. We note that the desired violation of the NEC follows not from the presence of
an exotic form of matter but from the synergy between the scalar field and the quadratic
GB term.

In the far-asymptotic regime, we may use the expansions at infinity Eqs. (5.23)-(5.25)
to find that the two Null Energy Conditions take the form:

D? 1
t _
T+ T = o +0 <$> , (5.31)
40DMFE,, 1

We observe that if DE., > 0, the second Null Energy Condition is also violated at spatial
infinity.

Let us also examine the Weak Energy Condition (WEC), which suggests that the
energy density measured by any observer has to be greater than or equal to zero. This
is expressed through the inequality: 7),,V#V* > 0, where V# is any timelike vector. If
we choose V* = (1/4/=94,0,0,0), and impose the condition V,V# = —1, then V,, =
(—v/—01,0,0,0), and the WEC is simply 7% < 0. Near the throat/equator, we found
that T% is given by Eq. (5.17); this expression is not sign-definite, therefore the WEC
may also be violated in the small n-regime. On the other hand, at asymptotic infinity,
where T, is dominated by the kinetic term of the scalar field, the 7% component is given
by Eq. (5.26) and clearly obeys the WEC.
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5.2.4 Smarr Relation

Up to this point we have managed to construct approximate analytical solutions in both
the asymptotic regions. We have also found that our wormholes are two-parameter
solutions. We may relate the near 7 = 0 parameters with the parameters at spatial
infinity using the Smarr relation. In order to derive the Smarr-like mass relation for our
wormhole solutions we start with the definition of the Komar mass formula [138, 147]

1 1
M = My, + — / R,&"n"dV = My, — — / V—gR)d’x, (5.33)
AT Js 4

where & is the timelike Killing vector, X is a space-like hypersurface, n” is a normal
vector on the surface ¥ and dV is the natural volume element on the surface . Here
the mass term My, denotes the contribution of the throat.

1
Agp (5.34)
T

My, = =
th = 5 5

dgu
dn

in which with Ay, we denote the area of the throat and « is the surface gravity at the
1 . 1 1
= —5 (V46 (7€) = 5 (

throat,
) (5.35)
2\ V19t9m| > S

Now we need to express the Ry /—g as a total derivative in order to calculate the integral
in Eq. (5.33). To do that we first write the R in terms of the effective energy-momentum
tensor Eq. (2.4)

Riv=g = (13 - 512+ 5[0 + FOIRs) ) V=5 (530

where we have added a zero in the form of the scalar-field equation multiplied by a con-
stant parameter 3. By replacing the explicit form of the field equations and performing
some straightforward algebraic manipulations we find

. / 1 )
RyV=g = (FH - VF) + 50, (V=90"0) + ;v=aRes (F+BF). (537
For simplicity, in the above equation, we define the functions H(r) and V(r) as

Ve

H = =5 — ez 01 oo (o +08) £ + 20) (5.38)
1 _
oo TR 0P (nfl 4 4) + 208 (PSP + 201 = 2) + o f?) (539

2(n?+n3)
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Equation (5.37) may be expressed as a total derivative only if (F +BF ) =0, or equiv-

alently F' = ae /5.

From the above analysis it is clear that we may construct an analytic form of the
Smarr Formula only for the case of the exponential coupling function. Here —following a
similar notation with the works in [138,147]- we choose a slightly different form of the
exponential coupling ' = ae™??, where v is a constant. The Smarr formula then has
the following form

M = QSthﬂ ~ 3 + > (5.40)
where the quantities Dy, and Sy, are defined at the throat as

1 ~
Sth = Z_L / vV hth (1 + 20[6_7¢tthh> dQ.I', (541)

1 ¢ ~
Dy, = - / \/htheﬂ%nﬁhﬁugbth (1 + 2a6_7¢tthh> d*x. (5.42)

In the above expressions with ¢, and fy, we denote the function values on the throat.
hin is the induced spatial metric on the throat, Rth the scalar curvature on hy,, and né‘h
is the normal vector on the throat. More information on the derivation of the Smarr
relation for the exponential coupling function may be found here [138,147]. In case of
a double throat wormhole a very similar Smarr relation can be derived by replacing the
throat with the equator,

Keq D Deg
o Ty
where Keq, Deq and Seq are defined analogously to Egs. (5.35), (5.41)-(5.42), but evalu-
ated at the equator instead of the throat. The difference of Eqgs. (5.40) and (5.43) yields
a relation of quantities defined at the throat and quantities defined at the equator.

Deq Rth Dth

K
2G4 = 28— 4 2t 5.44
D T 2y o Ty (5.44)

M =28, , (5.43)

5.3 Numerical solutions

We now turn to the derivation of the wormhole solutions by numerically integrating
the three second-order, ordinary differential equations (C.1), (C.3) and (C.4). In order
to find asymptotically-flat, regular wormhole solutions, we have to impose appropriate
boundary conditions at asymptotic infinity and at the throat/equator, as discussed in the
previous section. For completeness, we list here the full set of these boundary conditions:

RO =0, (50 +4) " —8f0'F| =0 (5.46)

n=
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Figure 5.1: Solutions: (a) The metric component —gy, the scalar field ¢ and the scaled
circumferential radius R./R; are shown as functions of the compactified coordinate n/(1+
n) for different coupling functions. All solutions are characterized by the same values
of fo(0) and ¢(0). (b) The metric component —g;, the scalar field ¢ and the scaled
circumferential radius R./R; are shown as function of the compactified coordinate 7/(1+
n) for a single throat wormhole (blue) and a double throat wormhole (red) for the same
values of the scaled scalar charge and the scaled throat area.

For the numerical integration, we use the compactified coordinate x = n/(n + 1) to
cover the range 0 < 7n < co. We choose 79 = 1 for all our numerical solutions. In order
to solve the three, second-order ODEs with the aforementioned boundary conditions, we
constructed two independent codes: one using the software package COLSYS, and the
other using the Mathematica software.

In our analysis, we have found wormhole solutions with either vanishing or non-
vanishing asymptotic values of the scalar field, namely for ¢, = 0 and ¢, = 1. We have
also considered several forms of F(¢), including exponential F = ae™??, F = ae_WQ,
power-law F = a¢" with n # 0, inverse power-law F' = a¢™", and logarithmic F' =
aln(¢) functions. We have found wormhole solutions in every single case studied. Due
to the qualitative similarity of the obtained behaviour for the metric functions and scalar
field, in this work we will mainly focus on the presentation of results for the cases with
coupling functions F' = ae™® and F = a¢?, and present combined graphs for different
forms of F(¢) whenever possible. During our quest for regular, physically-acceptable
wormhole solutions, scalarized black holes also emerged in multitude thus confirming
the results of [1,2].

In Fig. 5.1(a), we depict the metric component —g,; = e/, the scalar field ¢ and the
scaled circumferential radius R./R; for several coupling functions F(¢). All solutions
are characterised by the same boundary values fo(0) = —5 and ¢(0) = 0.5 but we have
allowed for two different asymptotic values for ¢, namely ¢, = 0 and ¢, = 1. We
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Figure 5.2: (a) The quantity F'(¢)R%5 as function of 7 for several forms of the coupling
function F'(¢). (b) Domain of existence: The scaled throat area of single and double
throat wormbholes is shown as function of the scaled scalar charge for the coupling function
F = ae™ for several values of a/n3.

observe that the behaviour of the metric component —g;; and the circumferential radius
R./R; depends rather mildly on the form of the coupling function or the asymptotic
value ¢,. On the other hand, both of these factors considerably affect the profile of the
scalar field as may be clearly seen from the plot.

We have found both single and double-throat wormhole solutions for every form of the
coupling function F(¢). In Fig. 5.1(b), we compare single and double-throat wormholes
for the same values of the scaled scalar charge D/M and scaled throat area A;/16wM?.
Once again, it is the scalar field that is mostly affected by the different geometry near
the throat or equator. We note for future reference that the derivatives of the —g;; and ¢
do not vanish at n = 0, i.e. at the throat, for single-throat wormholes, or at the equator,
for double-throat ones. This feature will lead to the introduction of a distribution of
matter, albeit a physically-acceptable one, at n = 0 when we attempt to symmetrically
continue our wormhole solutions to the negative regime of the n coordinate. This process
and the implications of the associated junction conditions will be studied in Section IV.

The spacetime around our wormhole solutions is finite for all values of the radial
coordinate n € [0,00). All curvature invariant quantities remain everywhere finite, as
expected. In Fig. 5.2(a), we depict the profile of the quantity F'(¢)R% 5, for a variety of
forms of the coupling function F'(¢) and for the same set of values of the free parameters
for easy comparison. We observe that the combination F/(¢) R% 5 is indeed finite, vanishes
at asymptotic infinity as anticipated while its profile in the small n-regime depends on
the form of F'(¢). We also note that the double-throat solution presents a different profile
from the single-throat ones; this is due to the fact that the value of the scalar field at
the equator is different from its value at the throat.
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Figure 5.3: Domain of existence for the coupling function F' = a¢? for several values
of a/n2 : The scaled throat area of single and double throat wormholes is shown as
function of the scaled scalar charge for (a) ¢oo = 1, and (b) ¢o, = 0. The dot indicates
the Schwarzschild black hole. The inlet shows the domain of existence for wormholes
with one node of the scalar field — the red area indicates the domain where single and
double-throat wormholes co-exist.

Next, we discuss the domain of existence (DOE) of the wormhole solutions, in terms
of the scaled scalar charge and the scaled throat area, and restrict our discussion to the
indicative cases of the exponential and quadratic coupling functions. In Fig. 5.2(b), we
show the DOE for the exponential case, ' = ae™®. The different curves correspond
to families of wormholes for a fixed value of a with single throat (dashed) and double
throat (solid). Solutions emerge for arbitrarily small values of « up to some maximal
value - here, we depict a variety of solutions arising up to the value a/n? = 0.361. The
boundary of the DOE is formed by the black hole solution with scalar hair (solid black),
the wormhole solutions with a degenerate throat (dotted black), configurations with
cusp singularities outside the throat (dashed black) and configurations with singularities
at the equator (dashed-dotted black). We note that the part of the DOE above the
dashed-dotted curve comprises both single-throat and double-throat wormholes. The
single-throat wormholes of this area can in fact be obtained from the double-throat ones
— we will return to this point in Section IV. The region of the domain of existence below
the dashed-dotted curve contains only single-throat wormholes which are not related to
double-throat solutions.

We now turn to the case of the quadratic coupling function, F = a¢?. Contrary to
what happens in the case of the exponential coupling function, in this case, the DOE
depends on the asymptotic value of the scalar field. For ¢(co) = 1, the quantity F/(¢)
assumes a non-zero asymptotic value, as in the exponential case, therefore the DOE,
depicted in Fig. 5.3(a), is similar to the one displayed in Fig. 5.2(b). In contrast, if
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Figure 5.4: (a) The Null Energy Condition and (b) the Weak Energy Condition for a
variety of forms of the coupling function F'(¢).
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¢(c0) = 0, then F vanishes asymptotically and the range of «, for which wormholes
arise, is also limited from below. The DOE in this case is shown in Fig. 5.3(b) — now,
wormholes emerge only if 0.205 < «a/n2 < 0.480. The Schwarzschild black holes are
now part of the boundary of the DOE, as indicated by the dot in Fig. 5.3(b), since the
constant configuration ¢ = ¢, = 0 solves the scalar field equation trivially. Moreover,
wormhole solutions exist for which the scalar field may possess N nodes. The boundary
of the DOE for N =1 is shown in the inlet in Fig. 5.3(b). Note that the range of « in
this case is approximately 1.85 < a/n2 < 2.75, i. e. considerably larger than for N = 0.
Let us finally address the issue of the violation of the Null and Weak Energy Con-
ditions. In Fig. 5.4(a), we display the quantity —7} + T, for a number of wormhole
solutions arising for different forms of the coupling function F(¢). It is evident that the
NEC is always violated near the throat of each solution by an amount which depends on
the form of the coupling function F'(¢) since the latter determines the weight of the GB
term in the theory. On the other hand, the NEC is obeyed at asymptotic infinity. We
note that, in the case of the double-throat solution, the NEC is violated at the throat
while it is obeyed at the equator, according to the analysis of the previous section. A
similar behaviour is exhibited by the T} component depicted in Fig. 5.4(b): the WEC
is again violated at the small n-regime, by an amount determined by F(¢), while it is
obeyed at asymptotic infinity where the GB term becomes negligible. The double-throat
solution again respects the WEC at the equator while it violates it near the throat.

5.4 Junction conditions

Wormbhole solutions may be either symmetric or asymmetric under the change n — —n.
In the context of the EsGB theory with an exponential coupling function [138, 147],
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Figure 5.5: Schematic picture for the construction of double-throat and single-throat
wormbhole solutions.

asymmetric wormholes were found but they were plagued by curvature singularities
lurking behind the throat. A regular wormhole solution may then be constructed by
imposing a symmetry under the change n — —n. The obtained solution then consists
of two parts: the first coincides with the part of the asymmetric solution which extends
from the asymptotic region at infinity to the location of the throat; the second part of
the wormhole solution is obtained by the symmetric continuation of the first part in the
negative n-regime.

A similar construction was performed in the context of the present analysis, in the
case of solutions with a single throat — these solutions are the ones depicted in Figs.
5.2(b) and 5.3(a,b) under the dashed-dotted curves. In the case of singular wormhole
solutions with a throat and an equator, a similar process may give rise to double-throat
wormholes and to single-throat wormholes since now there are two options, as Fig. 5
depicts. The first option is to construct a regular wormhole by cutting at the throat
and symmetrically continuing to the left, as described above; in that case, the equator
is removed from the spacetime geometry and a single-throat wormhole is constructed.
The second option is to cut the singular solution at the equator, keep the regular part
from the asymptotic infinity to the equator and continue symmetrically to the left; in
this way, a double-throat wormhole solution, with an equator located exactly between
the throats, is constructed. Both wormholes possess the same mass and scalar charge,
since these quantities are extracted from the asymptotic region that is common in both
solutions. Hence, for any double-throat wormhole there exist a single-throat wormhole
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with the same mass and scalar charge — these are the solutions depicted in Figs. 5.2(b)
and 5.3(a,b) above the dashed-dotted curves.

Let us now discuss in more detail the construction of symmetric, regular, and thus
traversable, wormholes !. From Fig. 5.1, we observe that the derivatives of the —g;; and
¢ do not vanish in general at n = 0. Therefore, imposing a symmetry under n — —n
creates a “cusp” in the profile of the aforementioned quantities. This feature may be
attributed to the presence of a distribution of matter at n = 0, i.e. around the throat
or the equator, for single or double-throat solutions, respectively. The embedding of
this thin-shell matter distribution in the context of the complete solution is determined
through the junction conditions [341,342], that follow by considering the jumps in the
Einstein and scalar field equations (2.2)-(2.3) as n — —n. These are found to have the
form

(GF, —TH) = s, (V¢4 FRY) = sgca (5.47)

where s# denotes the stress-energy tensor of the matter at the throat, resp. equator, and
Sscal @ source term for the scalar field. For a physically-acceptable solution, this matter
distribution should not be exotic. We thus assume a perfect fluid with pressure p and
energy density p, and a scalar charge ps.. at the throat, resp. equator, together with
the gravitational source [138, 147]

Sy = / [\ + 20 F ()R] V/=hd*x (5.48)

where A1, Ao are constants, hap is the three-dimensional induced metric at the throat,
resp. equator, and R is the corresponding Ricci scalar. Substitution of the metric then
yields the junction conditions

31

8F¢'e™ 2 = Mg +4XFe ' — pi2 | (5.49)
Eh = M+, (5.50)
F F sca.
6_f1¢, _ 4_2f66—2f1 — _4)\0_2@_% + Pscal , (551)
o "o 2

where all quantities are taken at n = 0. The above junction conditions determine p, p
and psqq in terms of the arbitrary constants A\g and A; and the form of the scalar field
and metric functions close to the boundary.

For every form of the coupling function F'(¢), we may find an extensive (Ag, A1)-
parameter regime over which p is always positive, and the necessity of the exotic matter
is thus avoided. An interesting special case is when the matter distribution around the

L As the coupling function may acquire different forms in the context of our analysis, constructing
also asymmetric wormholes, see e.g. [340], may be indeed a possibility that we plan to pursue in a future
work.
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Figure 5.6: The energy density p at n = 0, for F(¢) = a¢? for several values of a/ng,
p = 0 (dust) and specific values of (Mg, A1).

throat has a vanishing pressure, i.e. p = 0, and therefore its equation of state is the one
of dust. In this case, Eq. (5.50) gives \; = e /1/2f]. If we choose \g = A, Eqs. (5.49)
and (5.51) easily yield

3f1
2

p=|(AF +nieh) [y = 8P|, pe=2e", (5.52)

o
respectively, where again all quantities are evaluated at n = 0. In Fig. 5.6, we depict
the energy density p at the throat, resp. equator, as a function of the scaled scalar
charge D/M, for a variety of wormhole solutions arising for F(¢) = a¢? and for the
aforementioned values of p, Ay and A\;. We note that in this example the energy density
p is positive for all wormhole solutions. As in the construction of the solution, where
the synergy of an ordinary distribution of matter with a gravitational source kept the
throat, resp. equator, open, here a similar synergy creates a symmetric wormhole free
of singularities.

5.5 Embedding Diagram

A useful way to visualize the geometry of a given manifold is the construction of the
corresponding embedding diagram. In this case, we consider the isometric embedding
of the equatorial plane of our wormhole solutions, defined as the line-element (5.2) for
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Figure 5.7: (a) The embedded equatorial plane is shown for the double-throat wormhole
with a/ng = 0.35 and D/M = 0.886. (b) The profiles of the isometric embedding are
shown for a sequence of solutions for the coupling function F' = 0.25¢2.

t = const. and 6 = 7/2. The isometric embedding follows by equating the line-element
of the two-dimensional equatorial plane with a hypersurface in the three-dimensional,
Euclidean space, namely

e [dn? + (1° +13) dp®] = dz* + dw® + w?dp?, (5.53)

where (z, w, @) is a set of cylindrical coordinates on the hypersurface. Considering z

and w as functions of 1, we find
w o= e\ 403, (5.54)

(5@ -

Then, combining the above equations, we find

n i d ) 2
o(n) = i/ \/efl(n) _ <_~ {eh(n)/? ﬁ2+n2D 4. 5.56
== o Jerony g (5.56)

Therefore, {w(n), z(n)} is a parametric representation of a slice of the embedded 6 = 7 /2-
plane for a fixed value of the ¢ coordinate, while the corresponding surface of revolution
is the three-dimensional representation of the wormhole’s geometry.

In Fig. 5.7(a), we depict the isometric embedding of the geometry of a symmetric,
traversable, double-throat wormhole solution. The three-dimensional view of the sur-
face follows from the parametric plot (w(n) cos @, w(n)sinp, z(n)) as described above.
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The diagram clearly features an equator and two throats smoothly connected to two
asymptotic regimes. In Fig. 5.7(b), we also show the geometry transition between single
and double-throat wormholes, by plotting w vs. z, for a sequence of solutions for fixed
a/my = 0.25. We observe that, with increasing scaled throat area, the double-throat
wormholes develop a degenerate throat and turn into single-throat ones. If the scaled
throat area is increased further, a second transition takes place where the single-throat
wormholes turn again to double-throat ones.

5.6 Bounds on the EsGB theory

Let us address at this point the issue of the existing bounds on the GB coupling constant.
The parameters of any modified gravitational theory, including the EsGB theory, may be
constrained by processes and observations in strong gravitational regimes. We have al-
ready mentioned in section 1.9 that, in the cosmological Friedmann-Lemaitre-Robertson
—Walker (FLRW) background the EsGB theory predicts a propagation speed for the grav-
itational waves different from the speed of light [289]. Therefore, after the detection of
the GW170817 gravitational wave event and its GRB170817A gamma-ray burst coun-
terpart [172-174] the Einstein-scalar-Gauss-Bonnet theory was ruled out as cosmological
dark energy model. Although the theory is ruled out as a late time cosmological model,
we can still use it as a model for early time cosmological solutions [303] or even for local
solutions like black-holes or wormholes [304].

Actually, a Gauss-Bonnet black hole or wormhole may affect the speed of a gravi-
tational wave but only locally. For the Gauss-Bonnet solutions the gravitational back-
ground at first approximation reduces very fast to that of the corresponding GR solution
at distances a few times the characteristic scale of the solution e.g. the horizon radius
of the black hole or the throat radius of the wormhole, for example see Figs. 3.2(b) and
5.2(a). What is clear is that the derivation of the dispersion relation for cosmological
backgrounds may be very different from that in a black-hole background. Indeed, in [46],
the authors performed a linear stability analysis of the dynamical quadratic gravity, and
working in the geometric optics limit found that there are corrections to the dispersion
relation but these decay very fast compared to the GR terms.

Shortly afterwards, a more rigorous analysis was performed [343,344] where pertur-
bations were considered around a static, spherically-symmetric BH solution arising in the
context of quadratic gravity. They found that, indeed, the speed of gravitational waves
is modified, and a formula was produced. Using our EsGB theory and the behaviour of
the scalar and metric functions at asymptotic infinity, we have found that

8DF(¢s) = ADF(¢o) +8MDF(¢u

o _ Gy 8DF(w)  ADF(u) £ SMDFG) |
v o F 73 r

where the expressions for the functions F and G may be found in appendix A.3, and for

their calculation we employ the expansions at infinity Eqgs. (5.23)-(5.25). Therefore, if

(5.57)
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F (o) # 0 and F (po) # 0, in principle, the gravitational-wave speed may be modified
but the effect is proportional to the coupling which is assumed to be small. Also, D
is the scalar charge that, as we know, neutron stars do not have any. Therefore, this
particular event GW170817 cannot impose any constraint on our solutions. Even if we
use the other gravitational wave detections that involve black-holes instead of neutron
stars, the correction terms scale at least as 1/r%; these turn out to be very small given
the fact that most of the mergers were detected at distances larger than 300 Mpc.

The last years, many researchers have found bounds for the EsGB theory using
astrophysical or cosmological data. Using data for the time delay produced by the
gravitational field of the Sun for light to travel from Earth to the Cassini spacecraft and
back to Earth while passing close to the Sun [256], the following bound was derived on the
value of the GB coupling constant [345]: \/a < 1.25x10'? cm. In the same work, another
weaker bound was derived based on the uncertainty in the values of the semi-major axes
of the planetary orbits around the Sun (particularly Mercury’s): /a < 1.9 x 10" cm.
In [23], a theoretical upper bound was imposed on the GB coupling constant so that
black-hole solutions exist in the EAGB theory [47] (see also Eq. (2.24)):

Va < (Mﬂ) x 10° cm. (5.58)

O]

This bound imposes a minimum mass for black-hole solutions and thus must be checked
against the minimum black-hole masses that have ever been detected. Using M ~ 5Mg
we found /a < 6.2 x 10° cm.

The existence of compact stars, i.e. neutron stars, in the EdGB theory was in-
vestigated in [39]. It was found that for a given central density of matter, there is
a maximum allowed value of the coupling constant for which neutron stars may be
formed. That bound was found to be a < 7.2 x 10° cm. A lot of work has been
done on the modifications that quadratic gravity terms bring to the orbital decay rate
of binary systems [62,334, 346, 347]. The most stringent constraint on this direction
Va < 1.9 x 10° cm, was found in [348] using a low-mass X-ray binary. Finally, in [45],
the stability analysis of both axial and polar sectors of the static black-hole solutions in
EdGB was performed. Apart from the linear stability of the solutions that was demon-
strated, the authors studied the Quasi-Normal-Modes (QNMs), which will be relevant
for the late-time behaviour of a black-hole merger. The measurement of two of the domi-
nant modes may help us to place a bound on the coupling constant of the GB. According
to the authors, this bound has the form:

M
Va <10 (%) (1OM ) x 10° cm, (5.59)
O]

where p is the signal-to-noise ratio of the measurement instrument. All LIGO-Virgo
detections have a signal-to-noise ratio p around 10 while for the Einstein Telescope, it
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Method (\/a)max
Solar System 1.25 x 102 cm
QNMs from LIGO-Virgo 25 x 10° cm
Binary Black-Hole Signals 10.1 x 10° cm
Existence of Neutron Stars 7.2 x 10° cm
Existence of Black Holes 6.2 x 10° cm
QNMs from Einstein Telescope | 2.5 x 10° cm
Orbital Decay Rate in Binaries | 1.9 x 10 cm

Table 5.1: A list of the known bounds in EAGB theory.

will hold that p = 100. A list of all known bounds in EAGB theory may be found in
Table 5.1.

The most recent bound on the GB coupling parameter a was set in [304] where the
effect of the scalar dipole radiation on the phase evolution of the gravitational wave-
form was taken into account — this radiation was emitted during the merging process

of two binary systems in which one of the constituents could be a scalarised black hole
(GW151226 and GW170608 as detected by LIGO). This bound was set on the value

Va < 10.1 x 10° cm, (5.60)

taking into account the different definitions of «; in dimensionless units, this translates
to a/M?* < 1.72, where M is the characteristic mass scale of the system, i.e the black-
hole mass. In the absence of a direct bound on wormholes, since no such object has been
detected so far, and demanding that the EsGB theory should allow for both black-hole
solutions and wormholes to emerge, we apply the aforementioned bound by LIGO on our
wormbhole solutions, too. For an exponential coupling function, all of our solutions satisfy
the bound a/M? < 0.91 while for a quadratic coupling function we obtain a/M? < 0.605
(for solutions with no nodes for the scalar field), respectively a/M? < 2.9 (for solutions
with one node). Thus the observational bound leaves unaffected the aforementioned
DOE:s: all solutions in Fig. 5.2(b) and Figs. 5.3(a,b) (with no nodes) fall entirely within
the allowed range?.

5.7 Discussion

In this chapter, we have considered a general class of EsGB theories with an arbitrary
coupling function between the scalar field and the quadratic Gauss-Bonnet term. By

2Note that these plots include both the wormhole and the black hole solutions.
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5.7. Discussion

employing a novel coordinate system, we have allowed for wormhole solutions with either
single-throat or double-throat geometries to emerge. We have determined the asymptotic
form of the metric functions and scalar field in the small and large radial-coordinate
regimes, and demonstrated that the Null and Weak Energy Conditions may be violated,
especially in the inner regime where the effect of the GB term is dominant.

We have then numerically integrated our set of field equations in order to determine
the complete wormhole solutions that interpolate between the derived asymptotic solu-
tions. We have found wormholes, with either a single throat or a double throat and an
equator, for every form of the coupling function we have tried. The spacetime is regular
over the entire positive range of the radial coordinate, as also is the non-trivial scalar field
that characterizes every wormhole solution. Our solutions are therefore characterized by
two independent parameters, their mass and scalar charge. The domain of existence has
been studied in detail in each case, and here we have presented the ones for the expo-
nential and quadratic coupling functions in order to discuss the qualitative differences as
the form of the coupling function and the value of the scalar field at asymptotic infinity
varies.

An important result of our analysis is that the EsGB theories always feature wormhole
solutions without the need for exotic matter, since the higher-curvature terms allow
for gravitational effective negative energy densities. This has been demonstrated by
examining the Null and Weak Energy Conditions for our solutions and showing that
indeed the coupling between the scalar field and the GB term results in a negative
energy density near the throat/equator. The Null Energy Condition is also violated
since it is associated with the appearance of a throat that every wormhole solution must
possess.

In order to construct traversable wormhole solutions with no spacetime singularities
beyond the throat or equator, our regular solution over the positive range of the radial
coordinate was extended in the negative range in a symmetric way. This construction
demands the introduction of a distribution of matter around the throat or equator that
nevertheless may be shown to consist of physically-acceptable particles. We have pro-
vided an indicative example where this distribution of matter is described by the equation
of state of dust with a vanishing isotropic pressure and a positive energy density.

Our next step will be to study the physical characteristics of our solutions in greater
detail and to generalise them to admit also rotation [145]. In addition, a linear stability
analysis of these EsGB wormholes [138, 147,349, 350] will be performed and their radial
and quasi-normal modes, which could be observable signatures of their existence, will be
determined.
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Chapter 6

Conclusions

Einstein’s General theory of Relativity is the theory that describes gravity. It is a ge-
ometrical theory in which the gravitational interactions are related with the geometry
of spacetime. Einstein’s theory not only includes (as a limit) the traditional Newtonian
gravitational theory, which describes weak gravitational fields but also extends it pro-
viding a framework for the description of strong gravitational interactions. Although
General Relativity is well tested, it is known that it is not a perfect theory. The Stan-
dard Model for Cosmology has many open problems, like the nature of the dark energy
and matter, the accurate model for inflation or the initial singularity problem. All the
above, together with theoretical reasons such as the non-renormalizability of General
Relativity, motivate the need for modified gravitational theories.

The last decades many theories have been proposed as alternatives to General Rel-
ativity. However, the most simple and most studied modified theories of gravity are
the scalar-tensor theories. In these, the degrees of freedom of the gravitational field are
increased with the addition of one or more scalar fields. The last twenty years a scalar-
tensor theory which is known as the Einstein-scalar-Gauss-Bonnet theory has attracted
the interest of many scientists. In this theory, the scalar field ¢ has a non-minimal cou-
pling f(¢) with the gravitational field through the quadratic gravitational Gauss-Bonnet
term. The most attractive feature of this theory is that it belongs to the family of Horn-
deski theories, thus the field equations are of second order and as a result, it avoids
Ostrogradsky instabilities or problematic ghost states. In this work we focused on the
derivation of novel local solutions in the framework of the Einstein-scalar-Gauss-Bonnet
theory.

One of the most interesting properties of the black-hole solutions in General Relativity
is their uniqueness and simplicity: black holes are uniquely determined only by three
physical quantities (mass, electromagnetic charge and angular momentum). No-Hair
theorems, which forbid the association of the GR black holes with any other type of
conserved “charges” were formulated quite early on. Even in the case of the scalar-tensor
theories, No-scalar Hair theorems were proposed which made difficult the derivation of
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new black-hole solutions in these theories. However, in some scalar-tensor theories the
No-Hair theorems are evaded and new solutions have been found.

In chapter 2 we discussed the evasion of the No-scalar hair theorem in the framework
of the Einstein-scalar-Gauss-Bonnet theory. In order to kept our analysis as general
as possible we keep arbitrary the form of the coupling function. At first we examined
the evasion of Bekenstein’s old No-scalar-hair theorem. This theorem is based on the
integration of the scalar field equation over the exterior regime of the black hole. The old
No-Hair theorem may be evaded only for positive coupling functions f(¢) > 0. Then, we
examined the evasion of novel Bekenstein’s No-scalar-Hair theorem. The novel theorem,
which is more general, relies its existence on the sign of the 7] component of the energy
momentum tensor in the two asymptotic regions of the black hole. Actually, we found
that for the novel No-Hair theorem to evaded we only need to impose a constraint on
¢, and the following constraint 7+ > 96f2 on the horizon of the black hole. These
constraints impose bounds on the parameters of the theory and not on the explicit form
of the coupling function. Thus, for every form of the coupling function —as long as the
parameters of the theory validate the constraints— we may evade the No-Hair theorem.
Also, the above constraint denotes the existence of a lower bound on the horizon radius
rp, and thus the mass of the black hole.

Subsequently, we investigated the spontaneous scalarisation effect in the framework
of a general coupling function. The spontaneous scalarisation effect for black holes was
discovered first for the special cases of the exponential and quadratic coupling functions.
This effect appears for coupling functions which allow the Schwarzschild black hole (with
an everywhere constant scalar field ¢(r) = ¢g) to be a solution of the Einstein-scalar-
Gauss-Bonnet theory. In these theories, which are identified by the constraints f (po) =0
and f(¢o) > 0, the Schwarzschild black hole with mass smaller than a critical mass M,
becomes unstable and as a result the system assumes the more stable Gauss-Bonnet
black hole as a solution. Although the spontaneous scalarisation effect may provide an
explanation on how these solutions may arise it is not an existence theorem. The only
way for a spontaneous scalarised solution to exist is to validate the constraint ri > 96 7
like every other solution in the framework of the Einstein-scalar-Gauss-Bonnet theory.

In chapter 3 we extended the analysis of the previous chapter by considering several
sub-classes of the Einstein-scalar-Gauss-Bonnet theory. We have studied a large num-
ber of choices for the coupling function f(¢) between the scalar field and the GB term:
exponential, polynomial (even and odd), inverse polynomial (even and odd) and loga-
rithmic. In each case, employing the appropriate boundary conditions, we numerically
constructed a large number of exact black-hole solutions with scalar hair, and studied
in detail their characteristics. Our solutions are characterized by a universal behavior of
the components of the metric tensor, having the expected behavior near the black-hole
horizon and asymptotic flatness at radial infinity. The solution for the scalar field is
everywhere regular and is characterized by a finite value near the horizon, while it ap-
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proaches a constant value at infinity. The behavior of the scalar field is indicated by the
inequality Jéh% < 0. For coupling functions with f, > 0 the scalar field has a decreasing
profile while for fh < 0 has an increasing profile. All curvature invariant quantities were
examined, and found to have a similar universal profile, independently of the form of
the coupling function f, that ensured the finiteness and asymptotically flatness of the
space-time and thus the regularity of all solutions. Finally, for every solution, the com-
ponents of the energy momentum tensor were also found to be regular over the entire
radial domain. In accordance with the results of the previous chapter, that of the evasion
of the No-Hair theorem, the 7 component was found to be positive and decreasing in
both asymptotic regimes and in all cases considered.

The physical characteristics of our black holes were also extracted for every solution.
In each case the scalar charge D was determined and its dependence on the mass of the
black hole M was studied. In all cases the scalar charge is a mass-dependent quantity and
therefore our black holes are characterized by a non-trivial scalar field with a secondary
type of hair. For every solution the black-hole entropy S and the horizon area A were also
calculated. However, instead of the entropy and the area themselves we mainly studied
their ratios Ay /Asen and Sp/Ssen, With respect to the corresponding quantities of the
Schwarzschild solution with the same mass, since they have even more information to
offer. In the large mass limit, for all cases considered, the scalar charge D vanishes while
both ratios Ay /Agen, and Sy /Sse, approach unity. Therefore large Gauss-Bonnet black
holes have the same characteristics with the corresponding Schwarzschild black holes of
the same mass. On the other hand, for small masses the Gauss-Bonnet black holes are
quite different from the Schwarzschild ones. In all cases the area ratio is always below
unity. The Gauss-Bonnet black holes are therefore always smaller than the corresponding
Schwarzschild black holes. The Gauss-Bonnet term, as an extra gravitational term,
causes the shrinking of the black holes. Contrariwise, for small masses, the entropy ratio
may be higher or below unity. The behavior of the entropy ratio may provide indications
for the stability of our solutions. Gauss-Bonnet black holes with entropy higher than
that of the Schwarzschild solution tend to be more thermodynamically stable solutions.
Finally, the behavior of the scalar charge is strongly dependent on the form of the
coupling function. In the small-M limit, each family of solutions presented a different
behavior either monotonic or not monotonic.

In chapter 4 we extended the analysis of the previous two chapters by adding a cos-
mological constant A in the theory. At first we investigated the existence of approximate
solutions in the two boundaries. In the near horizon region we found solutions that have
the same qualitative behavior with the solutions found in the previous chapters. For ev-
ery form of the coupling function, we may construct regular black hole solutions. As in
the previous chapters, the condition for the existence of the horizon implies the existence
of a lower bound on the horizon radius and therefore the mass of the black hole. In the
other asymptotic region, that of large distances the solutions depend on the sign of the
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cosmological constant. For A < 0 we found that the spacetime assumes an anti-de Sitter
form while the scalar field has a logarithmic form. For A > 0 we found that the space-
time assumes a de Sitter form and the scalar field is characterized by a finite value at
the cosmological horizon. In fact the approximate solutions at the cosmological horizon
have a similar form with the solutions near the horizon of the black hole. However, from
the No-scalar-Hair theorem we know that the existence of regular solutions in the two
boundaries does not guarantee the existence of an intermediate solution that smoothly
connects the two asymptotic solutions. While the addition of a cosmological constant
does not alter significantly the form of the field equations, it makes the derivation of
an evasion theorem extremely difficult. Therefore we investigated the existence of new
solutions only numerically.

In this chapter we focused on the derivation of numerical asymptotically de Sitter
and anti-de Sitter solutions. As in the previous chapter we used many different forms
for the coupling function: exponential, polynomial, inverse-polynomial and logarithmic
as well. For A < 0 the spacetime solutions are characterized by a regular black hole
horizon and by an asymptotically anti-de Sitter region at infinity in accordance with
our approximate analytic solutions. Also, the solution for the scalar field is everywhere
finite and is characterized by a logarithmic form at infinity ¢(r) = ¢g+dy Inr + O(r=2).
This behavior along with the absence of an 1/r term indicates that we cannot associate a
conserved scalar charge with these solutions. The coefficient d; in front of the logarithmic
term provides us information on how much the large-distance behavior of the scalar field
deviates from the power-law one. We have found that this deviation is stronger for
Gauss-Bonnet black holes with a small mass whereas for massive ones the d; coefficient
vanishes. In addition, for every solution constructed, we calculated the ratios of the
horizon area and entropy, Aj/Agass and Sy /Ssaqs, with respect to the corresponding
quantities of the Schwarzschild Anti-de Sitter solution. As in the asymptotically flat
case, in the majority of the anti-de Sitter solutions the area ratio is below unity. The
anti-de Sitter Gauss-Bonnet black holes are also smaller than the corresponding solutions
of the General Relativity. Only in one case of the logarithmic coupling function we found
solutions with area ratio above unity. In addition, the entropy ratio provides hints on
the stability of our new solutions. The behavior of the entropy ratio depends on both
the explicit form of the coupling function and the value of the cosmological constant
resulting to potentially stable or unstable solutions in every case considered. For A > 0
the spacetime solutions are characterized by a regular black hole horizon and by an
asymptotically de Sitter region at large distances with a regular cosmological horizon.
While the scalar field is also regular at the black-hole horizon, at the cosmological horizon
diverges. However, at the cosmological horizon the trace of the energy momentum tensor,
which is a more fundamental quantity, remains finite. A similar behavior has been found
in the case of the particle-like solutions in the framework of the EsGB theory.

Finally, in chapter 5 we constructed traversable wormhole solutions in the frame-
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work of the Einstein-scalar-Gauss-Bonnet theory. All the black hole solutions we have
found, even the asymptotically de Sitter ones, are characterized by a negative effective
energy density near the horizon of the black hole. This negative energy density leads
to the violation of both the Weak and the Null Energy Conditions in the near horizon
regime. This violation, in the framework of the Einstein-scalar-Gauss-Bonnet theory, is
attributed to the contribution from the Gauss-Bonnet term. The violation of the energy
conditions leads to the emergence of wormhole solutions since it is essential for the cre-
ation of the throat. However, since the violation is a purely gravitational effect it could
not be ascribed to the presence of exotic matter. In our case, the scalar field constitutes
ordinary matter and therefore our solutions are considered as realistic. As in the previ-
ous chapters we have found numerically wormhole solutions using many different choices
for the coupling function.

The spacetime of our wormhole solutions is regular over the entire radial regime and
does not possess horizons or singularities; thus our wormholes are traversable. Also, our
wormholes may be characterized by a single or even a double throat and an equator
in between whereas they are asymptotically flat. The scalar field is everywhere regular
and is characterized by a conserved scalar charge which, contrary to the case of the
black holes, is of primary hair type. In addition, in order to construct traversable worm-
hole solutions with no spacetime singularities beyond the throat or equator, our regular
solution over the positive range of the radial coordinate was extended in the negative
range in a symmetric way. This construction demands the introduction of a thin shell
distribution of matter around the throat or equator that nevertheless may be shown to
consist of physically-acceptable particles. In addition, for every solution we constructed
the isometric embedding diagram and the domain of existence has been studied in detail
as well. Finally, in this chapter we also discussed the bounds on the Einstein-scalar-
Gauss-Bonnet theory and we found that these bounds leave unaffected the majority of
our solutions, both-black holes and wormbholes.

Concluding, the Einstein-scalar-Gauss-Bonnet theory is a well-motivated gravita-
tional theory which not only contains Einstein’s General Relativity but also extends it
with a quadratic curvature term —as we would expect from a novel effective gravitational
field describing gravity in the strong regime. The EsGB theory belongs to the family
of the Horndeski theories and therefore it contains only one additional scalar field ant
no more than second derivatives in the field equations. In addition, the EsGB theory,
interdependently of the form of the coupling function f(¢), leads to a plethora of novel
local gravitational solutions like black holes, wormholes or even solitons with attractive
properties. Finally, regarding the local solutions, the EsGB theory still survives from
the imposed bounds of observational data.
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Appendix A

Black holes in
Einstein-Scalar-Gauss-Bonnet
theory

A.1 Set of Differential Equations

Here, we display the explicit expressions of the coefficients P, () and S that appear in the
system of differential equations (2.16)-(2.17) and (3.28) and whose solution determines
the metric function A and the scalar field ¢. They are:

P = 4¢P (32A’ F— 487 A2 — 8728 — 4P A — 64rd? f) 4B (—64A’ F4+96rA2f
+48r2 AR f 4+ 82 — Ar3A'¢) — Art A% 4+ 128A"%¢ f2 + 96r AP f2 + 64rd f
+24r° AP f — 2008 AR f — 201 4 96r A’ 2 — 1603 | + 32r%¢ |
A 160 A0 ) + 166 (A f — 120 AR f — 20248 f — 6447
—112rABY f2 — 1472 A ¢ f + 1973 ARG f — 96 AR ¢ f3 — 32r A’ ¢ f?
+36r° AP0 2+ 8r3¢ f — At A f — 8r2 ¢ + 4P AP — 320 At f f')
+16¢” <8A’2¢’ 2+ 38r AP 2+ 644G f2 + 18r AP 2 — 172 AP f2)
—1152A¢7 3 (A1)

Q = +32¢°Br —¢'P (64r + 2472 A’ + 1600 f + 48r A’ f + 4r°¢* + 128r¢ f')
+¢°8 (32r 4+ 24r2 A" — 8rP A + 3209/ f + 224r A’ f — 3212 A% f — 1213 ¢
+6T4A/¢/2 + 256A/¢,2f2 o 327,Al2¢/2f‘2 . 24r2¢/3f + 12T3A,¢/3f o 32r¢/4f.‘2
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—r°¢" 4 256r¢” f + 12807 A'¢” f + 6400" [ f + 256r A'¢” f f — 16r°¢" f')
te2B (128r2A’2¢’ F = 1608 f — 176rA'¢' f — 640A'¢" 2 + 3201 A2 2
+152r°¢" f — 52r7 A'¢ f 4 12847 ¢ [ + 2569 r f* — 8Or? A'¢/* f* + 4 f
—128r ¢ f — 12872 A/ f — 12809 f f — 1280r A'¢> f f + 1673/ f
128046 2] + 641267 [ ) + e (3844'672 f2 — 6720 ARG 2 — Tos A%
—480r¢™ f? + 144r° A’/ 2 4 640" f f + 10241 A'¢" f f + 3584 A' ¢/ f2f
—64r2¢/5 f f') 11524263 f3 — 2304A'¢" 2 F |

and

S = +128rfe'” +8¢°7 (r‘*d —32rf — 16r°A'f — 809/ f232r A'¢/ f* + 4r%¢)” f)
+32¢%8 <4Tf F AP AF 4+ 406 2+ A0r A 2 — 332 f 4 A0A G2 — 4r2gz5'3f2>

+8¢” (32r2¢'3 2 —80¢' f2 — 128r A'¢' % — 448 A' §' f3> + 23044923, (A2

A.2 Scalar quantities

By employing the metric components of the line-element (2.8), one may compute the
following scalar-invariant gravitational quantities:

-B
R = —|-62—2 (4eB —4—r*A” + 4rB — 4rA' + 1P A'B' — 27 A") (A.3)
r
% 6_2B B / "2 2 2 / I ! "\2
R, R"™ = + 16 [8(2—2e" + 1A' —rB')? +r*(rA” —4B' —rA'B' + 2rA")
+r2(rA” + A'(4 —rB') + 2rA")] (A.4)
o—2B
RuupaRMVpa = + 4r4 [7”414/4 . 2’/’414/33/ . 4T4A/B/A// + TQA/2(8 + T’2B/2 + 47“214”)
+16(e” — 1) + 8r*B” + 4r*A™?] | (A.5)
2 2720 - 1 B ) B "
Rep = +—3 [(e" —=3)A'B — (e” —1)A” —2(e” — 1)A"]. (A.6)
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A.3. Gravitational waves speed in Horndeski theory

A.3 Gravitational waves speed in Horndeski theory

The expression for the propagation speed of gravitational waves along the radial direction
for a black hole in Horndeski theory was found at [343,344]

2y = = (A7)

Using the metric (3.2) we may express the functions F and G in terms of the Horndeski’s
(G; functions

F=2 (G4 + %€B¢/X/G5X — XG5¢> s (A8)

A’
g =2 |:G4 — 2XG4X + X (?GBQb,GE)X + G5¢):| . (Ag)
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Black holes with a cosmological
constant in EsGB theory

B.1 Set of Differential Equations

Here, we display the explicit expressions of the coefficients P, .S and () that appear in the
system of differential equations (4.15)-(4.16) and whose solution determines the metric
function A and the scalar field ¢. Note, that in these expressions we have eliminated
again, via Eq. (4.14), B’, that involves A” and ¢”, but retained e” for notational
simplicity. They are:

P = —128¢*BA%3 f (r A + 267 — 2) + 16A% f [—263 (—14€” + 3¢ 4+ 19) r jof
+8 (8¢ 43¢ 19) 20 — ¢ (3¢ —5) 12| + 4eBA’2{eBr Fl(5e” —19) 12"
+12 (e = 1) = 420/ (97 —17) 1262 + 8 (7 —1)" | + 6237’4¢'}
+ 4282 A{—623r3(—2 +rA) Y — 16A 24 [6(3 — 4e” + €*B) + (=5 + P)rA']
+deBf [—3r2A’2(1 +eB)+ 4(4(—1 +eB)? 7%’2) A3 — 3P + r2gb'2)} }
- 2623r¢'{—8f'¢’ [463(—1 +eP) + r?¢? (-2 + eB)] —dreB(—1 4 €P)
— e [TzeB C16f(—1+ eB)} } - A’eB{32rf2¢2¢’(9 — 4¢P 4 3¢2B)
. [463(1 +eB) — ¢ (r2eB F165(1 + eB)ﬂ
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+8ePf [4(—1 +eB)? 4 r?¢? (=T + 3eB) — 26" (r* + 8T2f)] }, (B.1)

S = 23044’ f3 + 8eP [ 1280 A 20 — 448A' 3 + 3202 2 — 80 f%’}
+ 8¢%P [167"214’ 1+ 160rA f2¢' + 160A" f3¢'* — 1273 f¢'? — 1612 f2¢
— 64Ar% 24 + 167 f + 160 f%’} + 8¢3P [ —16r2A'f — 32r A f2¢) + 4r® f ¢
F16AF f + 64Ar2 2 — 32rf — 80f2¢ + r4¢’} +8elB [167‘ F—16Ar f], (B.2)
and
Q = 23044/ 2" — 11524 " 4¢P | — 144724 2 4 6T2r A2 24
+ T68A f3¢3 — 384 A" f2¢/? — 1024r A’ f f¢'® — 3584 A f2 f '
4807 f2/ 4 6412 f o — 640/ 6| + €2 | 128124 f + 52r* A’ f "
+80r° A’ f2¢" — 1281 A” f¢ — 5T6Ar* A ¢ — 320r A” f* ¢
+ 1767 A" f¢' — 12847 f3¢"3 + 640 A" f2¢? + 1280r A'f f¢'> + 1280A' f2 f ¢
—16r° f¢/* + 128r f¢* — 4r* f¢° — 152r° f¢/® — 2561 [>¢/* + 384Ar f2¢
+ 1600/ — 6472 o — 512072 f o + 1280 f9? | + €7 | — 128024 f 4"
+ 208ArP A f ¢ + 32r2 A f ¢ + 320Ar2 A’ f2¢% + 32r A fR? — 2241 A f ¢
— 2564 f2¢/* — 2561 A'f fo* — 611 A'¢” + 8r3A” — 24r* A + 16r° fo*
+ 128A73 f¢'? — 2561 f¢? + 16Ar* f¢'® + 2472 f¢® — 1273 A’ f ¢ + 321 f2 ¢
+ 224Ar? f ¢ — B12Ar f2¢” — 320f ¢’ + B12AP2f ¢ — 640f fo" + 1P
£ 12737 — 32r] + B [ CUSAPA o 4 ASr A f — 24AFT A 1 2472 A
— 128A73 ¢ + 1287 f ¢ + 128A%r fof — 224Ar2 f¢)' + 128Ar f2¢% + 160 f ¢
AN 4 A — 64NFE + 64r] + P [ — 32A%5 4 64AF° — 321 (B.3)

B.2 Variation with respect to the Riemann tensor

Here, we derive the derivative of the Lagrangian of the theory (4.1) with respect to
the Riemann tensor. A simple way to do this is to take the derivative ignoring the
symmetries, that the final expression should possess, and restore them afterwards. For
example, if Agpq is a 4-rank tensor and A is the corresponding scalar quantity, we may
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B.2. Variation with respect to the Riemann tensor

write:

0A

T — — o - (gungUA;u/po) — gupgugéaébécéd — gacgbd ) (B4)

uvpYo

Now, if Auped = Rapea, it should satisfy the following relations:
Aabcd = Acdab = _Aabdc and Aabcd + Aacdb + Aadbc =0. <B5)

Restoring the symmetries, we arrive at:

OR
aRabcd

1
— 5 <gacgbd o gbcgad) ) (BG)

Alternatively, we could have explicitly written:

OR ) 1 9
— UPVURVO_:_,U,pI/U RZ,O-—RVU
ORapea  ORabea (979" Buo) = 599 ORaped (B o)
1 vo a C a c 1 ac ¢ a
= 59" (00600508 — 620"8082) = 5 (9 g — greged) (B.7)

which clearly furnishes the same result.
We now proceed to the higher derivative terms. Let us start with the Kretchmann
scalar for which we find
OR,pe RIP? OR

= QRHVPT M7 _ 9 Rabed B.8
aRobbcd aRabcd ’ ( )

The above result does not need any correction as it is already proportional to Rgpeq, and
satisfies all the desired identities. We now move to the R, R* term, and employ again
the simple method used above. Then:

OAWA™ i O s O

— jac Abd _ bc pad
aAAabcd 8Aabcd 8AAabcd g A g A (Bg)

If Agped = Rapea and A, = R,,,,, the above result will have all the right properties if it is
rewritten as

8R VR!W 1 ac C DA a c ac
—aébd zé(g RM — g*R — gu iR 4 g¥R ), (B.10)

which is indeed the correct result. Finally, we easily derive that

OR?
= R (g% bd _ _bc ad ) B.11
IR (9%g™ — g"¢"") (B.11)
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Appendix B. Black holes with a cosmological constant in EsGB theory

In order to compute the integral appearing in Eq. (4.57), we use the near-horizon
solution (4.30-4.31) for the metric functions and scalar field. Then recalling that, near
the horizon, the relations A” ~ —A” and B’ ~ —A’ also hold, we find the results

R0101|H — _}IG—A—QB (—QA” + A'B — A/2) |H N O,

4 Ap?

-9 (g()ORll . glOR()l - gOIRIO 4 gllROO) ’H NN _e—A—ZBAllH ~ _ 1 7
Tn 1T
e=A—28B a2 2b

9%g"R|, — (4rA"—2¢7) |, ~

r? o agry,  agrd’
_ _A+B
900911|H =€ |H — ay/br.

Substituting these into Eq. (4.57), we readily obtain the result (4.58).
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Appendix C

Wormbholes in
Einstein—scalar-Gauss-Bonnet
theory

C.1 Field Equations

Employing the metric (5.2) in Eqgs. (2.2)-(2.3), the (¢t), (nn) and (09) components of
Einstein’s equations take the form
0§ (201 (¢ (F (12 = 4f7) = 201’ ) = 2B f{9") + et (12 +4f7 +¢2) ) + ' | — 4Fnfie” (nf] +4)
eltn (n (4F7 +¢) +nf(2 +857) +26' (F (5] (P12 = 8) = dnf{! (nf] +2)) = 20 P’ (nf{ +4)) |
+ni[20 (F (37 (P12 = 4) — dnfy! (3nf{ +2)) =289’ (nf] +2) (3uf] —2)) = 4P¢" (nf] +2) (3] - 2)
elt (i (30 (4] + ¢'2) + 3012 +8f]) +4) | +nn3 [ — 4nF¢’? (nf] (3nf] +8) —4) +eln(4+n(164]
3012+ 30(¢2 + 4f]))) + 2F (¢ (3n° (f1) ® — 4> f1 (3nf] +4) — 20nf] —16) — 20" (nf] (3nf{ +8) —4)) =0,
(C.1)
et [ (20 (nf{ +2) + F{ (nf] +4) —ne') + 202 (n (205 (nf] +1) + f{ (0] +2) —ng?) = 2)

ol ({22038 = 02) | = 2643500 (12 (0 +78) mff +3 (7 +03) 212 + 802 — ad) = 0, (©2)

UN [ —AFfi¢" (nf] +2) — AfEG™ (nf] +2) — 284 (—=2f5 (nf{2 —nfl' + 1) + 2f5 (nf] +2) + 62 (nf] +2))
+elt (0 (2 (F + J1) +6'%) +nfs? + 205+ 20]) | + 23 [ (n (0 2 (5 + 1) +6/%) +nfs2 + f+ 1) +2)
—2F¢! (£ (2= n (2nf12 = 20f + £1)) + 208 (0f] +1) +nf? (0] +1)) = dnfy (nf] +1) (Fo” + Fo?) |

| = ASLSI PO — AP S f 8" — 286 (1] (f52 = 20105 + 208) + 203 511) + el (2 + 2 (§ + 1) +97%) | = 0,

(C.3)
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Appendix C. Wormbholes in Einstein—scalar-Gauss-Bonnet theory

respectively. The scalar equation in turn yields

0§ (£ (APSLIL = PAP +el10!) 4 2B 120 + FAG2H2 426716 + eI fi o) 4+t [Enfg2 ] (nf] +4)
15 (A5 (P17 +2) 0 (B (857 = nf(?) +ef1ng!)) +n(2 (F {20 + 45 1) + eFing”)
+elte! (nf] +4) | +ud [ 15 (25 (P + 1) = 3E A3 4 (SEY + 3efing’) ) + 6021125y + SFufl £y
—8EfY + Gelin?¢ + PG (30412 + nf] — 4) + efing! (3nf] +4) | + g [Fnfs? (32412 + 8uf] - 4)
15 (F (=31 + nf] (32 +5) +16 (2 £ +1)) +3eS156/ ) + (261 (3212 + 8] — 4)
+6e/102¢" + efing’ (3nf] + 8) )] =0. (C.4)

In the above equations, the prime denotes differentiation with respect to the radial
coordinate 7).
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